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Abstract

Structures of the four reaction states of the adenine riboswitch aptamer domain, including a
transient intermediate state were solved by serial femtosecond crystallography. The structures not
only demonstrate the use of X-ray free electron lasers for RNA crystallography but have also
proven that transient states can be determined in real time by mix-and-inject crystallography.
These results illustrate the structural basis for the ligand-induced conformational changes
associated with the molecular “switch”.

Graphical Abstract

Using an X-ray free electron laser and a mix-and-inject serial crystallography approach, we have
captured the ligand-induced structural conversion of the adenine riboswitch aptamer domain from
apo, to intermediate, to final bound states. Like synchronized swimmers, millions of molecules
undergo large conformational changes within the crystal lattice. These results provide the
structural basis for the switching mechanism for regulating gene expression. Image: Joseph Meyer,
Scientific Publications Graphics and Media, Leidos Biomedical Research, Inc., Frederick National
Laboratory for Cancer Research.
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Introduction

Found in all three kingdoms of life, riboswitches are structural segments of certain mMRNAs
that function as c/s-acting regulators of gene expression. They are usually located in the 5°-
untranslated regions of mMRNAs, and typically consist of two domains: an aptamer domain
and a downstream expression platform (Fig. 1A). When the term “riboswitch” was coined
about 15 years ago, it referred literally to the distinct conformational switching that takes
place in an aptamer domain upon ligand binding, resulting in an altered pattern of gene
expression [1, 2]. For most riboswitches, the core of the mechanism is a “switching
sequence,” whose structure forms part of either the first helix (P1) of the aptamer domain, or
the expression platform, depending on the ligand-triggered conformational changes [3]. How
such structural changes are “transmitted” from the binding pocket to the “switching
sequence,” and subsequently the expression platform, has been the focal point of extensive
investigations [3]. A full understanding of the nature of binding and “switching” requires
detailed structural information on unbound aptamers [3] as well as any transient
intermediates [4].

Challenges in RNA structure determination

A number of studies have suggested the presence of multiple conformational states of
riboswitches, both in the presence and absence of ligand [5-8]. In particular, Zhang et a.
have postulated that general equilibria exist between “dynamic incompetent” and “dynamic
competent” apo states, and between the “dynamic competent” and “dynamic bound” states
that precede the final “static bound” state [5]. However, such a hypothesis lacks direct
structural evidence to support it. In order to prove its validity, structural information of a
riboswitch in all of the described conformational states is necessary. To date, most
determined riboswitch structures are ligand-bound and all currently known ligand-free
structures of riboswitches either closely resemble their ligand-bound conformations, or
exhibit only localized conformational changes [3, 9—14]. One exception is the glutamine
riboswitch, where the structure of the apo state was determined in a complex with protein
U1A with replacement of two hairpin loops [15]. Thus, the structure of a riboswitch aptamer
domain in an apo state that differs significantly from its bound state has never been
determined, and conformational changes induced by the absence or presence of ligand have
not been directly visualized at the atomic level.

There is general lack of RNA structural information. Only 3% of the entries in the protein
data bank are from RNA and RNA-containing complexes, of which fewer than 100 entries
are unique and larger than 70 nucleotides. Limited RNA structural information is due in part
to the intrinsic dynamics and conformational flexibility of RNA, as well as methodological
limitations. With only four nucleotide building blocks and limited structural elements, RNA
must be dynamic and conformationally flexible to achieve its diversity of biological
functions. As a result, it is often difficult to obtain RNA crystals of sufficient size and order
for single-crystal X-ray diffraction studies. Even when available, RNA crystals often exhibit
high solvent content and elevated mosaicity, and their phosphate-rich contents make them
highly susceptible to radiation damage [16]. Additionally, the ability to study RNA structure
by nuclear magnetic resonance is limited by the large molecular weight of RNA and the
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chemical-shift similarities of nucleotide bases. New approaches and tools are therefore
acutely needed to study RNA structure.

In 2009, the world’s first hard X-ray free-electron laser (XFEL) went into operation: the
Linac Coherent Light Source (LCLS) at the SLAC National Accelerator Laboratory. An
XFEL differs from conventional synchrotron X-ray sources in two significant ways: peak
brilliance and femtosecond (fs) pulse duration. An XFEL pulse with the existing technology
lasts between 10 and 100 fs and is over one billion times more brilliant than the current
brightest synchrotron sources. One of the first biological applications of the XFEL was serial
femtosecond crystallography (SFX) using micro and nanocrystals of proteins [17]. The
ultra-short pulses enable “diffraction before destruction,” that is, a single diffraction pattern
for each crystal can be recorded before the effects of radiation damage from the X-ray beam
manifest. Unlike traditional crystallography, a new crystal must be delivered for each X-ray
pulse, and then thousands of diffraction patterns are merged together[18]. The SFX method
overcomes a fundamental problem in all biological imaging science, the ability to study the
structures of macromolecules at room temperature with minimal effects from radiation
damage. In addition, it eliminates a frequent bottleneck in crystallography of producing
well-ordered crystals large enough for diffraction studies at a synchrotron.

The femtosecond time window and the brightness of the XFEL open unprecedented
opportunities for structural biologists to study the time-evolution of biological processes at
the atomic level. Fundamentally, all biological processes occur as a function of the spatial
and temporal relationship of molecular events in the cellular environment. Since the XFEL is
capable of taking instantaneous “snapshots” with femtosecond pulses, it will be possible to
record “molecular movies” of chemical or biological processes, which occur on a slower
picosecond to millisecond time scale. The first applications of time-resolved crystallography
using an XFEL were optically triggered photoreactions [19-21]. However, this application is
limited to photoactivated proteins, which comprise a very small population of all proteins. A
broader application of the XFEL for time-resolved studies of ligand-activated
biomacromolecules, which comprise the majority, is achieved by rapid mixing of ligand with
the crystals prior to diffraction, termed mix-and-inject crystallography. Using this approach,
a large number of biochemical systems, such as enzymatic, transport, drug-binding, and
other ligand-triggered reactions, can be studied at the structural level in real time. The full
course of reaction states—from initiation to activation, to transitional intermediates, to
termination—can potentially be observed.

Perhaps one of the most profound impacts that the XFEL will have in the new era of
biological science is to understand RNA structure and function. To date, SFX applications
have been limited to proteins. The potential for SFX to address the myriad technical
challenges associated with RNA structure determination has not been previously
demonstrated. As we now know, functional RNA molecules are intrinsically dynamic and
their functions are encoded not in primary sequences but in true four-dimensional
descriptions of space and time. Therefore, functional insight requires not only snapshots of
static RNA structures, but also the induced changes of those structures over time, i.e.,
movies that fully describe RNA functions in action. Here we discuss results demonstrating
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the capability of SFX to capture structural snapshots, in real time, of RNA in various
conformational states.

Our initial indication of a multistage kinetic model for the adenine riboswitch aptamer
domain (rA71), consisting of residues 13-83 (Fig. 1A) was obtained by stopped-flow
fluorescence spectroscopy. The kinetics could be best explained by slow exchange between
binding-incompetent (gpoZ) and binding-competent (apo2) forms of rA71, followed by
adenine binding to form an intermediate complex, /Beade. Adenine binding reorganizes the
binding pocket, converting /Beadeto the final ligand-bound state, Beade.

apol = apo2 + ade = IB e ade = Be ade (1)

Verifying this four-state model required structure determination of the transient intermediate
state, thus posing a significant challenge. To study the structural changes of rA71 upon
ligand binding, we employed the mix-and-inject SFX strategy [4]. Such an experiment had
been proposed previously in a proposal to LCLS in 2003 (http://www.slac.stanford.edu/
pubs/slacreports/reports03/slac-r-611.pdf) and in the literature [22].

Structures of the apo states and comparison with the structure of the bound state

The structure of rA71 in the absence of ligand was determined to 2.3 A resolution, with
Ruork! Riree 0f 0.213/0.256, an average B-factor of 77.2 A2, and root mean square deviations
of 0.007 A and 1.62° for bond lengths and bond angles, respectively [4]. The asymmetric
unit of apo-rA71 contains the two ligand-free conformers, gpo and apoZ, both of which
differ significantly from the ligand-bound form (RCSB:4TZX [23]) in the three-way
junction, primarily the hinge and latch regions, and in the P1 helix that contains the
“switching sequence” (Fig. 1). The “hinge” is a pivot point for P1, whereas the “latch” locks
the helix in place only when the ligand is bound. When compared to the bound form by
superimposing the kissing-loop structures, the heavy-atom RMSDs are > 6 A for the three-
way junctions, and 6.5 A and 10.3 A for the P1 helices of apo2and apol, respectively. The
kissing loop structures, on the other hand, differ only at A64, which is in an antr
configuration in both apo conformers and sy7in the bound conformation.

Contrary to the previous conception [3], the ligand binding pockets in both apo conformers
are highly ordered, but with different sets of base-stacking and hydrogen-bond interactions
among key residues relative to the bound conformation. For example, U48, which is solvent-
exposed in the ligand-bound form, flips in to form a wobble base pair either with ligand-
recognition residue U74 (gpo2), or U75 (apol). U22, A23 (apo2 only), and U51 flip out of
the binding pocket and are solvent exposed (Fig. 2A). The fact that the ligand is completely
encapsulated by RNA in the bound structure implies that substantial rearrangements of the
binding pocket are necessary for ligand entry or egress [6, 24]. The flexibility in the hinge
(J1/2) and latch (J2/3) regions may facilitate such conformational fluctuations between the
two apo states, as well as the changes upon ligand binding.

FEBS J. Author manuscript; available in PMC 2018 December 28.


http://www.slac.stanford.edu/pubs/slacreports/reports03/slac-r-611.pdf
http://www.slac.stanford.edu/pubs/slacreports/reports03/slac-r-611.pdf

1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Stagno et al.

Page 6

The hinge is a flexible region that facilitates the rotation of the P1 helix, and exhibits marked
differences among all three structures, with RMSDs of ~7.8 A (apo1 vs. Beade) and ~5.9 A
(apo2vs. Beade). The hinge RMSD between the two apo conformers is also large (~7.2 A)
due to differences in residues U22 and A23. The angular differences in the helical axis of P1
relative to the ligand-bound form are ~15° (apol) or ~22° (gpo2). In addition, “kinking” at
the hinge region causes a shift in P1 of ~2 A (apo2) or ~8 A (apol) away from the latch,
relative to the bound structure, and a compression of the major groove formed by helices P1
and P3, measuring ~10 A in the two apo conformers, as compared to >16 A for the ligand-
bound conformer [4].

In the absence of ligand, the lack of key interactions in the binding pocket results in the
partial disorder of P1, which includes the 3’ strand containing the “switching sequence.”
Specifically, P1 is destabilized through the breaking of base triples U49-A76-U20, C50-
U75-A21, and U47-U51-U74-Ade (Fig. 2B and2C), resulting in the loss of the coaxial
stacking of helices P1 and P3, and the long-range interactions between P1 and the latch that
lock P1 in place. The observed electron density for P1 was poorly defined in both apo
conformations, particularly the 3" strand containing the switching sequence, which could
only be modeled up to residue 77 (gpol) or 80 (apo2) [4]. A number of studies have shown,
for both the aptamer domain and full-length adenine riboswitch, that P1 is only marginally
stable [25-29] and rapidly fluctuates between the “ON” and “OFF” states in the absence of a
ligand, where the competing hairpin in the expression domain, which contains the
“switching sequence” is formed at the expense of the P1 helix in the full-length riboswitch
[8, 27-29].

The snapshot of the intermediate state

Our stopped-flow fluorescence kinetics data strongly indicated the presence of an
intermediate bound (/B¢ade) state between the binding-competent gapo2 and final bound
states [4]. This intermediate had a similar fluorescence intensity as the gpo2, suggesting that
U48, which is replaced by fluorescent 2-aminopurine, has a similar structural environment,
specifically its stacking interactions. We were able to capture the structure of this
intermediate state via our mix-and-inject experiment by employing a 10-second mixing
delay. The crystal lattice was unchanged after 10 seconds of mixing, implying no major
conformational changes had yet occurred. Nevertheless, the difference electron density
between the gpo and /Beade structures revealed key local conformational changes in the
binding pocket of gpo2only. In /Beade, the adenine ligand displaces U48 and is base-stacked
between U48 and U49, forming stacking interactions U49-ade-U48-U75, similar to the U49-
U48-A21-U75 stacking in gpoZ2 prior to binding. This explained the minor difference in
U48-2AP fluorescence observed between the goo2and /B<ade states. The U49-ade-U48-
U75 stacking is similar to that in gooZ, except that A21 is in place of the ligand. Thus, apol
is in a “pseudo-intermediate” structural state, and must convert to gpo2in order to become
binding competent. In this regard, 4ol may play a regulatory role, in which the rate of
interconversion between the two apo states may vary in response to changes in the cellular
environment, such as temperature or MgZ* concentration, that are independent of ligand
concentration.
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The “switching”

Detailed structural knowledge of all four states in the aptamer-ligand interaction makes it
possible to understand the structural basis for the “switching” action triggered by ligand
binding. Like gpoZ and apoZ, the binding pocket of /Beade is structured, but lacks the three
base-triple interactions that lock the P1 helix in place. Ligand binding triggers the formation
of the three base-triple interactions and alignment of helices P1 and P3 (Figs. 1B and2). This
reconfiguration stabilizes the structure of P1, and thus the switching sequence, which is at
the heart of the molecular switch.

After a mixing time of 10 minutes, our mix-and-inject results demonstrated that the
switching action occurs /n crystallo, resulting in a conversion of all molecules to the final
ligand-bound state (Fig. 3). In addition to the large intramolecular changes associated with
binding, half of the molecules rotate ~90°, resulting in a polymorphic phase transition in
which the lattice was converted from monoclinic (£2;) to orthorhombic (£21212). We
presume that the diffraction quality (i.e., “survivability”) of crystals upon conversion
depends on the spatiotemporal uniformity of the molecular changes throughout the crystal.
Such uniform changes may occur cooperatively when the accumulation of /Beaderesults in
enough energy to overcome the opposing lattice constraints.

Final Remarks

This work was the first to demonstrate that real-time mix-and-inject crystallography is
possible using an XFEL. Using this revolutionary structural biology method, we determined
the structures of all four states of the adenine riboswitch aptamer domain, thereby
illustrating the molecular basis for the switch. The mechanism begins with two
interconverting apo conformers where ligand-binding pockets are distinctly different from
the ligand-bound conformation. The binding of ligand results in a transitional intermediate
and the subsequent formation of three base-triples and coaxial stacking of P1 with P3, which
together constitute “switching” action and stabilize the P1 helix. As a result, the Shine-
Dalgarno sequence in this translational riboswitch becomes accessible for translation
initiation. The utility of mix-and-inject crystallography to structurally elucidate reaction
mechanisms may have broad applications to study the dynamics of many
biomacromolecules and their ligand/substrate interactions.
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Figure 1.
(A) Secondary structure of the V/ vuinificus add adenine riboswitch and (B) Crystal structure

of the ligand-free aptamer domain in guoI (left, blue) and gpoZ (right, cyan) states (PDB:
5E54), aligned to the ligand-bound structure (grey, PDB:4TZX) for comparison. The P1
helix (yellow), J1/2 hinge (red), and J2/3 latch (green) regions, which exhibit the greatest
structural differences among rA71 conformational states, are highlighted. The switching
sequence is denoted in red bold letters, the Shine-Dalgarno in orange, and the start codon in
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purple. The sequence used for the apo-rA71 structure differs slightly from what is shown in
(A) with a few stabilizing mutations in P1.
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Figure 2.

(A-B) Two-dimensional projections (XY-plane) of the structural coordinates (A) of key
residues for gpo2and Beade. The structures of gpo2 (PDB:5E54) and Beade (PDB:4TZX)
were aligned as in Fig. 1, and the XY-coordinates for O2 atoms (pyrimidines) or N6 atoms
(purines) were taken directly from their respective PDB files and plotted. (A) “Swinging
residues” that flip toward (blue) or away (red) from the ligand-binding pocket upon
conversion to Beade. The direction of movement is also indicated by dotted lines. Values
reported above the dotted lines correspond to the distances in three dimensions. (B) Residues
involved in the three ligand-facilitated base triples: U20-U49-A76 (yellow), A21-C50-U75
(grey), and U47-U51-U74-ade (green). (C) In the absence of ligand (apol and apo?2), the
base-triple interactions are broken. Ligand binding facilitates the formation of the base
triples, as observed in the crystal structure of ligand-bound rA71 (PDB:4TZX). These
interactions include ligand recognition by U74 and anchoring of P1 (residues U75 and A76)
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and the hinge (U20 and A21) via the latch (residues U47, U49, C50 and U51), ultimately
leading to the stabilization of the P1 helix.
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Figure 3.
Large conformational changes induced after 10 minutes of ligand mixing result in a

polymorphic phase transition and lattice conversion from a monoclinic (apol and apo2: blue
and cyan respectively) to an orthorhombic space group (Beade. magenta), which was
accommodated in micro/nanocrystals of rA71. A subset of 4 related molecules (white)
between the two structures illustrates that half of the molecules rotate ~90° upon conversion.
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