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Abstract
Raman crystallography is the application of Raman spectroscopy to single crystals. This technique
has been applied to a variety of protein molecules where it has provided unique information about
biopolymer folding, substrate binding, and catalysis. Here, we describe the application of Raman
crystallography to functional RNA molecules. RNA represents unique opportunities and challenges
for Raman crystallography. One issue that confounds studies of RNA is its tendency to adopt multiple
non-functional folds. Raman crystallography has the advantage that it isolates a single state of the
RNA within the crystal and can evaluate its fold, metal ion binding properties (ligand identity,
stoichiometry, and affinity), proton binding properties (identity, stoichiometry, and affinity), and
catalytic potential. In particular, base-specific stretches can be identified and then associated with
the binding of metal ions and protons. Because measurements are carried out in the hanging drop at
ambient, rather than cryo, conditions and because RNA crystals tend to be approximately 70%
solvent, RNA dynamics and conformational changes become experimentally accessible. This review
focuses on experimental setup and procedures, acquisition and interpretation of Raman data, and
determination of physicochemical properties of the RNA. Raman crystallographic and solution
biochemical experiments on the HDV RNA enzyme are summarized and found to be in excellent
agreement. Remarkably, characterization of the crystalline state has proven to help rather than hinder
functional characterization of functional RNA, most likely because the tendency of RNA to fold
heterogeneously is limited in a crystalline environment. Future applications of Raman
crystallography to RNA are briefly discussed.
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1. Introduction
RNA is involved in myriad biological function and controls gene expression at almost all levels.
The leading models for the origin of life posit that life began with a so-called ‘RNA World’,
in which RNA served genetic, structural, and functional roles [1–3]. Such biological
complexity necessitates molecular complexity. Indeed, it was demonstrated more than thirty
years ago that tRNA can adopt complex folds with extensive non-Watson-Crick base pairing,
intricate helical stacking, and diverse metal ion binding interactions [4,5].

In the ensuing years, functional RNAs have been discovered that catalyze chemical reactions
(ribozymes) [6,7] and bind small molecules and alter gene expression (riboswitches) [8–10].
Over the past 15 years in particular, atomic-level experimental structures of ribozymes,
riboswitches, and the ribosome have been determined and reveal intricate structures with buried
active sites [11]. Most of these structures have been solved by X-ray crystallography at −170°
C, with some contributions from solution NMR spectroscopy [12]. In addition, NMR
spectroscopy and molecular dynamics (MD) are revealing how dynamics contribute to RNA
function [13,14]. An important goal in the field of RNA biology is to relate three-dimensional
structures and dynamics to biological function.

A variety of solution studies, both in bulk solution and at the single molecule level, have
revealed that a given RNA sequence can adopt multiple, stable structures and only a fraction
of these can be functional (e.g. can bind substrates and catalyze chemical reactions) while
others are non-functional [15,16]. For example, rate-pH profiles of the HDV ribozyme showed
that certain constructs have multi-exponential kinetics, which reflect 2 or more populations of
the ribozyme only one of which has direct catalytic potential [17–20]. In addition, single
molecule studies on the hairpin ribozyme revealed four distinct species, which have ‘memory
effects’ and do not interconvert [21]. The tendency of RNA to misfold also applies to larger
RNAs [22]. These properties indicate that structural and functional studies of RNA must be
reconciled.

Ribozymes provide an ideal vehicle for assessing RNA folding because their native states have
one or more specific, testable functional properties, including metal ion binding, proton
binding, and bond cleavage. Because RNA tends to crystallize in a single conformation,
crystallography offers the potential to isolate and describe single ribozyme states [23].
However, determining whether these states are functionally relevant has proven challenging,
in part because crystals are typically studied under cryo-conditions near 100K, which limits
dynamics and the ability to perform biophysical experiments, and also because modifications
are often needed to keep RNAs from reacting in the crystal, which can be perturbing. In an
effort to characterize the functional properties of RNA crystals, we have applied Raman
spectroscopy to single crystals of a small ribozyme under ambient conditions in the hanging
drop [24–26]. This article will focus entirely on RNA and primarily on one crystal form of a
small ribozyme from the authors’ laboratories and on a study on tRNA. Although these are the
only studies available in the literature, the methodology is also applicable to proteins, with
many examples from the Carey lab [27]. The generality of Raman crystallography of RNA
will be determined as additional RNA systems are examined in the future.

2. Advantages and disadvantages of Raman crystallography for
characterizing RNA

In this section we consider some of the advantages and disadvantages of Raman spectroscopy
versus other spectroscopies for characterizing RNA, followed by some of the advantages and
disadvantages of working with crystals.
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2.1. Advantages and disadvantages of Raman spectroscopy
Raman spectroscopy provides a vibrational spectrum of the ground electronic state of the RNA
and is derived specifically from those vibrational motions that cause a change in the
polarizability of the RNA. Because electrons promoted into an excited virtual state immediately
relax to a vibrational level of the ground state, transitions in Raman are very fast (less than
10−14 s), providing essentially an instantaneous snapshot of the molecule [27]. As such, there
is no spectral broadening from chemical exchange, slower relaxation processes, or other RNA
dynamics.

Inelastic scattering of incident photons with vibrational modes in RNA crystals leads to loss
or gain in energy of the incident radiation (i.e. the Raman shift), which give rise to the Raman
photons that produce the Stokes and anti-Stokes spectrum, respectively. Because the shifts in
energy giving rise to the Raman peaks are small, it is important that the incident light be
monochromatic, and, therefore, a laser is typically used. The Raman shift by its nature is
independent of the wavelength of the incident light; in an effort to mininize photodamage to
the RNA, we therefore choose a wavelength in the visible region to excite the sample. The
Carey lab has found that red excitation (647 nm) proves to be a good choice for efficient Raman
scattering, which is inversely proportional to the 4th power of the wavelength (i.e. shorter
wavelengths give more scattering), detector efficiency, and minimization of fluorescent
background [27]. The Stokes lines that result are much more intense than the anti-Stokes lines,
especially at larger wavenumbers and ambient temperatures, and therefore Stokes lines are
measured in Raman spectroscopy.

Many sugar, phosphate, and base-specific vibrations of RNA are Raman active, well
characterized, and spectrally disperse (see Section 6.5), making Raman spectroscopy an
excellent method for characterization RNA folding, and especially powerful for assessing the
conformational and environmental changes that occur upon substrate or cofactor binding and
catalysis. As described in Section 6.4, much of the data are processed as difference spectra, in
which Mg2+ or pH is changed, in order to allow the user to focus on bound ligands and to
identify conformational changes of the RNA that occur during the experiment. Other
advantages of Raman spectroscopy is that the RNA does not have to be labeled, saving time,
expense, and avoiding potentially perturbing changes to the RNA, and that the experiment is
conducted at ambient temperatures, which allows potentially important dynamics to occur.

This article will be concerned exclusively with ‘normal’ (i.e. non-resonance) Raman
spectroscopy. Resonance Raman spectroscopy, which uses an excitation wavelength tuned to
an intense absorption transition, can be performed with dilute solutions or chromophoric
crystals (e.g. from heme proteins), where it takes advantage of the intense Raman signal from
the chromophoric group [28]. However, resonance Raman has a number of limitations,
especially for RNA. First, there are no unique chromophores in RNA: the four bases, which
provide most of the absorption, overlap extensively in their spectra. Second, resonance Raman
reduces the number of bands in the spectrum, which severely limits useful molecular-level
information about RNA folding. Third, because the electronic transitions needed for resonance
Raman are typically of higher energy than the input for nonresonance Raman, luminescence
background from solution contaminants or from the RNA itself can become problematic.
Finally, because of the higher energy of the incident radiation in resonance Raman, often in
the UV, photodegradation can occur, which could result in covalent crosslinking.

Raman provides several unique advantages when compared to other spectroscopies, including
infrared (IR), fluorescence, and NMR spectroscopy [29]. Infrared spectroscopy, like Raman,
provides valuable and complementary information about bond vibrations in a molecule;
however, water absorbs strongly in IR but not Raman spectroscopy. Because RNA crystals
typically contain approximately 70% solvent and because the crystals are kept in a largely
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aqueous mother liquor, as described below, IR is of limited applicability. Fluorescence
spectroscopy provides much less detail than Raman does about the fold of the RNA and requires
labeling of the RNA (the nucleobases themselves have very poor quantum yields), which is
laborious, costly, and potentially perturbing. However, fluorescence has a much slower
timescale (10−6 to 10−8 s) than Raman, which allows it to be used to follow RNA dynamics
on this time scale. NMR spectroscopy can provide structural level information, but is highly
insensitive, requiring ~600 L of millimolar solutions, and is subject to line broadening by
chemical and conformational exchange events on the millisecond to microsecond timescale.
Moreover, NMR is limited to relatively smaller RNAs (less than ~100 nt). In addition, water
has a large background signal in NMR studies of exchangeable protons, although this can be
largely suppressed with specialized pulse sequences. X-ray crystallography shares many
similarities with Raman crystallography, however there are several limitations of X-ray
crystallography. At ambient temperature where dynamics may be observed, X-rays damage
the RNA. This damage is reduced at cryogenic temperatures; however, dynamics are not
observable under these conditions. Since non-resonance Raman spectroscopy is carried out
with visible light, photodegradation at ambient temperature is obviated. Finally, X-ray
crystallography is limited by the need to obtain crystals that diffract to high resolution.

Non-resonance Raman spectroscopy is not without its disadvantages. One of the major
drawbacks is that it too is insensitive. At most 0.001% of the source intensity is transferred to
the Raman lines [29]. The issue of poor signal-to-noise is exacerbated in difference spectra,
where 99% or more of the signal is often subtracted out [30] and which typically involves at
least three subtractions, which further increases noise (see Section 6.4). Since Raman
intensities are typically proportional to sample concentration, the main way to increase the
Raman signal-to-noise ratio is to increase the concentration of the RNA. Lasers are used to
provide power to improve signal-to-noise, although too much power can damage the crystal
(see Section 5). In principle, decreasing the wavelength of the laser can also increase the
intensity of Raman scattering, as discussed above, but this approach is seldom used due to the
risk of high-energy photons causing degradation of the sample.

Another problem with any form of Raman spectroscopy is that it is prone to interference from
luminescence due to extrinsic impurities or intrinsic chromophores. As described in the next
subsection, working with RNA crystals and a Raman microscope allows both the issues of
sensitivity and fluorescence background to be addressed. Lastly, interpretation of Raman data
is less software driven as compared to NMR and X-ray, and therefore involves more human
intervention, which is time consuming and can be challenging.

2.2. Advantages and disadvantages of conducting experiments in RNA crystals
Raman spectra of RNA crystals can be obtained using a Raman microscope (Fig. 1) (described
fully in Section 5). One of the major advantages of working with RNA crystals is that the RNA
is very concentrated in the crystal, with typical concentrations on the order of 20 to 30 mM,
see footnote (38) in [24]. As mentioned in Section 2.1, increasing the concentration of the RNA
is the simplest and best way to increase the signal-to-noise ratio. RNA concentrations in the
crystal are typically 10 to 100-fold greater than those that can be achieved in solution;
moreover, high concentrations of RNA in solution tend to induce aggregation, which is less
likely to occur in the crystal [27].

Another advantage of working with RNA crystals is that they tend to have much lower
luminescent background than solutions of RNA. This probably results because a crystallization
step stringently purifies the RNA. Thus, working with crystals of RNA addresses the two main
concerns for Raman spectroscopy mentioned in Section 2.1. In addition, we recently discovered
that working with the Raman microscope helps in cases where Raman spectra of RNA solutions
are needed. By pipetting ~5 L of ~2 mM RNA on a siliconized glass cover slip and inverting
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it over a crystal tray in the Raman microscope, good quality Raman data can be obtained (Chen,
Carey, and Dayie, unpublished data); this volume is ~1/100th that of similarly concentrated
samples needed for NMR.

Another advantage of working with crystals is that RNA folding is likely more homogeneous
in the crystal. As mentioned in Section 1, RNA molecules in solution often adopt multiple
folds, which confounds interpretation of biophysical experiments. Because single crystals tend
to cause RNA to adopt a single conformation, biophysical studies of RNA are simplified.
Moreover, the bandwidth of spectral features tends to be narrowed due to the damping of RNA
motions and excursions into non-functional conformations in crystals, which results in sharp
and well-resolved spectra (Fig. 2). Another concern with working with crystals is that the RNA
may be precluded from large-scale conformational changes, although small motions required
for ion binding have been shown possible as mentioned above. Indeed, despite being in a
crystal, studies to date indicate that the HDV ribozyme is still able to bind magnesium ions
and protons in a native fashion, as determined by comparison to biochemical studies; moreover,
these ions can be ‘soaked in’ or ‘soaked out’ of the crystal with similar results (see Section
6.3). This dynamic nature of crystalline RNA is likely possible because the studies are carried
out at ambient temperature and because RNA crystals are ~70% solvent—a value similar to
the water content of the cell [31]. A survey of solvent content of 20 RNA crystals by Ferré-
D’Amaré and Doudna gave a range of solvent content from 50% to 81%, with an average of
67% [32]. Whether RNA crystals with less solvent prove to be less dynamic will await further
experimentation. A final advantage of carrying out Raman measurement in crystals is that the
crystals do not have to diffract to high resolution. We recently obtained excellent Raman data
in crystals that diffract to only ~5 Å (Fig. 2) [26]. Moreover, successful experiments can be
conducted in crystals even in the absence of a structure.

Some of the possible disadvantages of working with crystals is that first and foremost, crystals
of the RNA have to be grown, which has proven challenging for some RNAs and for certain
mutants, although methods are constantly improving [23,33,34]. Also, crystal contacts can
disrupt native interactions, which can be especially problematic for smaller, single-helix RNAs;
see, for example, studies on the lead-dependent ribozyme [35–37]. As with all crystallographic
studies, comparison between Raman studies in the crystal and Raman and biochemical studies
in solution are critical (see Section 3.2). In fact, Raman is one of the few spectroscopic methods
that can directly compare molecular properties in solution and crystal phases.

Another limitation to Raman crystallography is that it can only follow slow time changes (>10
s) since data collection takes that long. A second temporal factor is the diffusion of ions or
substrate into the crystal. Changes in the crystal can be brought about by changing conditions
in mother liquor surrounding crystal (see Section 6.3); for example, metal ion diffusing into
the crystal can set up a new ‘state’. It usually takes tens of seconds before the equilibrium is
set up throughout the crystal and Raman data can be collected. In addition, the outer layers of
crystal reach equilibrium first, creating an ‘onion effect’ [27].

A final potential concern with Raman crystallography is that the intensity of Raman scattering
depends on the relative orientation of the electric vector of the laser beam and the molecule
scattering the photons [38]. Thus, in some cases, intensity can depend on the orientation of the
crystal. Orientation dependence is especially sensitive when each target molecule in the crystal
is oriented in the same direction [39]. If there is more than one target molecule orientation
within the crystal and if the laser excitation is not polarized, little or no crystal orientation
dependence is observed. We have found little orientation dependence with cubic space group
crystals of the HDV ribozyme [24–26], which provide essentially isotropic conditions.
Orientation dependence does not make Raman crystallographic studies intractable, but extra
care has to be exercised to try to orient the crystal in the same fashion for each measurement
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(see Section 6.2). Moreover, if the crystals diffract poorly, complementary structural studies
of that RNA may not be possible in that state. In principle, polarized Raman spectra can provide
group orientations in ordered samples, and Thomas, Tsuboi and co-workers have demonstrated
this for fibers of double-stranded RNA [40]. However, for single crystals the experiments are
challenging, requiring a method for controlling crystal orientation and a simple target group
that has a single orientation with respect to the crystal axes.

3. Chemical information obtainable by Raman crystallography of RNA
One of the main advantages of Raman spectroscopy is that it allows unique and extensive
chemical information to be obtained about RNA (summarized in Table 1). This is best
illustrated through consideration of literature on Raman crystallography of RNA. In the first
subsection, we consider the early, albeit limited, Raman studies of RNA crystals and the
molecular insight into RNA that was gained. In the second subsection, we describe some of
our recent Raman studies of RNA crystals and physicochemical measurements made.
Comparison between biochemical and Raman crystallographic studies, where available,
reveals excellent agreement.

3.1. Early studies of Raman crystallography of RNA
Since the late 1960s, Raman spectroscopy has been widely used to study nucleic acids and
their biological complexes. However, nucleic acid crystals, especially RNA crystals, were
rarely used as Raman samples, mainly due to difficulties of obtaining pure RNA or DNA
suitable for crystallization, and to technical limitations of conventional Raman instrumentation
(e.g. it is very difficult to position and focus laser light in crystals in a controlled manner).
Pioneering work on Raman spectroscopic application in RNA crystals was done in 1975, in
which Chen and coworkers recorded Raman spectra of orthorhombic and hexagonal yeast
phenylalanine tRNA as well as tRNA in solution [41]. They compared these spectra and drew
conclusions that the structure of tRNA is identical in both crystal forms and also appears to be
the same in the crystal and in solution. This was a crucial result because it had yet to be proven
that the L-shaped structure observed in the tRNA crystals was relevant to its biological function.

In the early 1990s, G.J. Thomas’s group performed structural studies of bean pod mottle virus
(BPMV) capsid and RNA in crystalline and solution states by Raman spectroscopy. They
observed minor structural differences of RNA in the crystal from that in the solution, which is
indicated by 8% difference of phosphodiester conformation markers of RNAs in crystalline
and solution states [42]. They also found that Raman spectral difference between crystal and
solution of BPMV is mainly due to different electrostatic environments of the packaged RNA
molecules in the two states [43]. With technical innovations, a Raman microscope has been
integrated into the conventional Raman system, which has allowed us to directly acquire the
Raman spectrum of a single protein or nucleic acid crystal with very high signal-to-noise ratio.
This approach is named ‘Raman crystallography’ and is described in the next subsection.

3.2. Recent studies of Raman crystallography of RNA
In the last several years, we have employed Raman crystallography to determine information
about metal ion binding, proton binding, and conformational changes in RNA, and have used
these to make comparisons to solution [24–26] (see Table 1). RNA is a polyanion and therefore
its folding and function often depends on interaction with divalent cations, such as magnesium
[44]. Magnesium ions can interact with RNA in multiple ways, including diffuse, outersphere
(interacting with RNA though water ligands), and innersphere (interacting directly with RNA
ligands) modes [45,46]. Given this complexity, defining the mode and site of Mg2+ binding to
RNA is challenging. NMR [47,48] and phosphorothioate rescue experiments [49,50] have
made valuable contributions, although the former is limited in its ability to distinguish metal
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ion binding modes, while the latter requires chemical modification of the RNA. We have
applied difference Raman spectroscopy to metal soaking experiments (Section 6.3) along with
solvent isotope effects to identify bound metal ions as innersphere, quantify the approximate
number of bound metal ions, define ligands of metal ions such as PO2

− and N7 of guanine, and
identify accompanying conformational changes in the RNA [25,26]. The number of ions
detected by Raman crystallography is in good agreement with values from crystallography.
Moreover, binding affinities for these ions from Raman crystallography agrees well with
biochemical values (manuscript in preparation).

The nucleobases in small ribozymes can participate in general acid-base chemistry, which can
be enhanced by having pKa’s shifted towards neutrality [51]. We have applied Raman
spectroscopy to determine a pKa shift to 7 in the precleaved HDV ribozyme, quantify the
number of bases ionizing as 1, and assign the pKa to a specific residue (C75) [24]. This study
represented the first measurement of a pKa of neutrality by a physical method, and was in
excellent agreement with solution studies [52,53]. In addition, Raman crystallography revealed
that the pKa couples anticooperatively with Mg2+, consistent with biochemical studies. It is
noteworthy that similar studies of the pKa of this residue by NMR did not lead to a measurable
pKa shift on the precleaved RNA, possibly because of conformational heterogeneity or non-
ideal dynamics [54]. Thus, crystallography appears to help rather than hinder functional
characterization of functional RNAs, at least in some instances, perhaps because heterogeneity
is limited in the crystal and because the timescale for Raman is essentially instantaneous.
Lastly, we have observed RNA conformational changes associated with metal and proton
binding, including changes in ribose pucker and phosphate backbone conformation [26,55].

4. Sample preparation
This section is concerned with the design, synthesis, purification, and crystallization of RNA
samples for Raman crystallography. Each of these topics has been extensively reviewed in the
literature and so is summarized only briefly here, with issues relevant to Raman crystallography
emphasized.

4.1. Design of constructs for Raman crystallography
The first consideration in sample preparation is design of appropriate constructs. As mentioned
in Section 1, RNA samples are prone to adopting multiple stable folds, which can complicate
interpretation of data and crystallization. Mapping of the secondary structures of such misfolds
for the HDV ribozyme, along with characterization of appropriate single and higher-order
mutants, has led to the rational design of sequences that react with single exponential and fast
kinetics [17–20] that approach the intrinsic ‘speed-limit’ for small ribozymes [56], with half
lives in the millisecond regime. Such optimized constructs have proven amenable to
crystallization [24,57], suggesting that their kinetic properties reflect a single, well-folded
structure.

4.2. Synthesis and purification of RNA for Raman crystallography
Synthesis of large (milligram) quantities of RNA is necessary for Raman studies and can be
accomplished by either chemical or enzymatic approaches. Solid-phase synthesis is the primary
chemical approach for making RNA, and several companies offer chemically synthesized
RNA, including Dharmacon Inc. and Integrated DNA Technologies, Inc., and there are national
facilities such as the Keck Facility at Yale that will make RNA from commercially available
phosphoramidites from suppliers such as Glen Research and Chemgenes. Solid-phase synthesis
is used routinely for preparing RNA oligonucleotides up to about 50 nt. Advantages of solid-
phase synthesis are that modifications including isotopic substitutions can be readily introduced
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into the RNA and time is saved. Disadvantages are cost, although prices for RNA have dropped
in recent years, and the inability to obtain longer synthetic RNAs.

Large scale in vitro transcription with T7 RNA polymerase is the primary enzymatic approach
to making RNA [23,58–60]. Transcription can be performed using either commercially
available kits from companies such as Ambion Inc. and Epicentre Biotechnologies, or T7
polymerase and transcription reagents prepared in the laboratory, which saves cost and allows
fine tuning of conditions to optimize yield. The DNA template for transcription can be prepared
from a hemi-duplex, PCR product, or plasmid. An advantage of cloning the template into a
plasmid is that large amounts of DNA can be easily obtained using the plasmid purification
kits from Qiagen Inc.; moreover, the sequence, once established, can be readily mutagenized
using commercially available kits such as QuikChange (Stratagene). On the other hand,
transcription from a PCR product or hemi-duplex has the advantage that a large number of
sequences can be rapidly screened. Advantages of enzymatic synthesis over chemical synthesis
are that large RNAs can be prepared and the approach is relatively inexpensive. Disadvantages
are that chimeric RNAs containing site-specific modifications or isotopic substitutions cannot
be prepared.

Lastly, the chemical and enzymatic approaches can be combined in so-called semi-synthetic
approaches. We have done so in the preparation of HDV RNA constructs for Raman
crystallography, using Watson-Crick base pairing to bind a synthetic oligonucleotide with an
inactivating modification at a critical 2′OH to an enzymatic transcript [24,57]. Similar
approaches have been used to crystallize other small ribozymes, including the hairpin ribozyme
[61]. Another way to combine chemical and enzymatic RNAs is to covalently attach them using
T4 DNA ligase and a DNA splint [62], although this approach generally leads to significant
sample loss, which could be problematic for crystallization and Raman studies.

We purify RNA for Raman crystallography by standard methods. Chemically synthesized
shorter RNAs (<10 nt) generally have negligible amounts of shorter ‘failure’ sequences and
so do not need to be size purified. This can be tested by fractionating a small quantity of the
RNA on a high percentage denaturing polyacrylamide gel. If purity is not sufficient, high
percentage polyacrylamide gels or TLC can be used to purify the full-length RNA [26]. Short
RNAs are desalted using a C18 reversed phase Sep-Pak column (Waters); samples are eluted
with acetonitrile and dried in a speed-vac to remove the acetonitrile. Longer RNAs need to be
size-purified by denaturing polyacrylamide gel electrophoresis using standard detection,
elution, and ethanol precipitation methods [23]. These RNAs are then suitable for use in
crystallography, although they should be dialyzed (Float-A-Lyzer, Spectrum Laboratories) to
remove small molecules and fluorescent impurities, especially if solution studies in the hanging
drop are to be performed (Section 2.2).

4.3. Crystallization of RNA for Raman crystallography
The final step in sample preparation is crystallization of the RNA (summarized in Table 2, left-
hand column). Concentrations of RNA needed for crystallization are approximately 1–5 mM
for small RNAs and 3–10 mg/mL for larger RNAs, with several hundred L of RNA solution
typically needed for screening [23]. In order to encourage native folding, the RNA is usually
renatured prior to preparing crystallization trays. Such renaturations often include a step of
heating in the absence of Mg2+ to a temperature near 90 °C to break base pairing, cooling to
restore base pairing, and reheating in the presence of Mg2+ to an intermediate temperature near
50 °C to encourage native tertiary folding. Effects of different renaturation procedures on RNA
function can be tested using ribozyme assays [60], where the goal is to try to find a renaturation
that leads to single exponential and fast kinetics.
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Screening for RNA crystals is typically done using a sparse matrix approach, and several
screens for RNA have been published, some of which are commercially available [23].
Components for crystallization include a buffer, a precipitant such as 2-methyl-2,4-pentanediol
(MPD), a polyamine, and monovalent and divalent salts. RNA crystals are usually grown by
vapor diffusion, using hanging drop or sitting drop plates, and can take several days to months
to grow; details on growing crystals of the HDV ribozyme for Raman crystallography are
provided elsewhere [24]. Siliconized glass cover slips (Hampton Research) are used both for
growing RNA crystals and for acquiring data with the Raman microscope. Crystallization is a
routine method for purifying organic molecules and it appears to purify RNA as well, as we
have found RNA crystals to be relatively free of luminescent impurities as compared to RNA
solutions.

For Raman crystallography, crystals larger than 100 m in the minimum dimension are easier
to work with and control, and crystals of this size are generally attainable for RNA; however,
crystals as small as 30 m are also tractable. Diffraction quality crystals are not needed, and, as
mentioned above, we have obtained excellent Raman data with crystals that diffract to only 5
Å [24–26]. As mentioned in Section 2.2, crystals in which each RNA molecule is oriented in
the same direction are highly orientation dependent, which is less desirable. Thus, it is
advantageous to test several different crystal types that may arise from the sparse matrix, as
some may be more ideal for Raman crystallography, and/or have different physicochemical
properties in soaking experiments. Another prime experimental requirement of the crystals is
that they be stable to soaking conditions required for difference spectroscopy (see Section 6.3),
which must be determined empirically.

5. The Raman microscope
In the 1980s and 1990s, the method of Raman microscopy was further developed wherein an
optical microscope is coupled to a Raman spectrometer to collect Raman scattering from
micron-sized samples [27]. The Raman crystallography setup used in our laboratory is depicted
in Figure 1 and summarized in the right-hand column of Table 2. A krypton ion laser (Coherent
Innova 70C; Coherent, Inc.) produces a 647.1 nm red light (see first horizontal red line in Fig.
1), which scatters from the RNA. The laser is operated at ~0.55 W and is focused onto a fiber
optic cable that directs the beam to a series of lenses and mirrors that send it along the optic
axis of the Raman microscope (see vertical red line in Fig. 1). As discussed in Section 2.1,
laser light in the red region of the spectrum is ideal because it produces photons of relatively
low energy, which reduces the possibility of photodegradation of the RNA but still gives
acceptable Raman scattering.

Raman microscopes are available from several commercial vendors, and we use a HoloLab
Series 5000 Raman microscope (Kaiser Optical Systems), which is operated in the nonconfocal
mode [27]. One important consideration for the microscope is a long focal length objective
(ca. 1 cm). In order to measure the actual power impinging on the sample, a small handheld
power meter is placed under the objective at the point in space where the cover slip will be
positioned (see ‘crystal tray’ in Fig. 1). A typical power reading at this spot is 50–100 mW, or
approximately 1/10 that of the input laser power. Because Raman scattering by its nature is
weak, it is important to have a high photon flux, but too much power (in excess of ~100 mW
at 647.1 nm) can cause crystal damage and lead to excessive heating (see below). The handheld
power meter is also used to check for a clean laser focal point: by raising and lowering the
meter, the position of focus can be determined both by visual inspection of the red laser spot
and by determination of maximal readout.

Raman photons that are backscattered (through 180°) from the crystal are collected through
the microscope objective (20× or 50×) (see blow-up at bottom of Fig. 1), and directed to a high-
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throughput Raman spectrograph via a fiber optic system (see second horizontal red line in Fig.
1). A back-illuminated red-light sensitive charge-coupled device (CCD) detector, operating at
−70 °C to reduce dark current, is used to detect the Raman photons and generate a Raman
spectrum on the computer monitor using the HoloGRAMS software bundled with the HoloLab
Raman microscope (see spectrum in Fig. 1). Prior to detection, the scattered light is passed
through a series of band-stop notch filters, which function to remove (‘notch out’) the undesired
and much more intense elastically scattered Rayleigh photons.

Prior to collecting the Raman spectrum, a microscope stage is used to precisely position the
plastic crystal tray having the crystal in a 5 L hanging drop (see blow-up at bottom of Fig. 1).
An illuminating lamp, whose output is detected with a separate CCD (see horizontal black line
in Fig. 1), is used to view the crystal in the hanging drop (see photograph of crystal in Fig. 1).
The illumination feature of the microscope allows the beam to be focused cleanly inside of the
stationary crystal.

6. Conducting Raman experiments
Obtaining adequate Raman data on RNA requires attention to a number of experimental details.
In this section, we consider the major steps involved in conducting Raman experiments
including instrument calibration; crystal preparation; soaking of ligands; acquisition,
processing and interpretation of Raman data; and measurement of physicochemical properties
of RNA. Typical experimental parameters both for the Raman microscope system and the RNA
crystal are presented in Table 2. These parameters are fine-tuned from experiment to
experiment.

6.1. Calibration of the microscope
The first step in conducting an experiment is to calibrate the microscope and photon detection.
A neon source accessory is placed under the 10× objective and used as a standard to calibrate
the wavenumber to ± 1 cm−1. The source is then placed under the 50× (or 20×) objective and
used to calibrate the intensity response of the detector. For the Hololab Raman microscope,
this is done with assistance of the HoloGRAMS software. To avoid stray light reaching the
detector, this procedure is done in total darkness. Generally, calibration needs to be done only
once per day.

6.2. Preparation of the crystal in the microscope
Crystals are suspended in the ~5 L hanging drop (sometimes a sitting drop) on a siliconized
glass cover slip covering a well in the crystal tray. Data can be collected in the same drop in
which the crystal was grown; however, it is common to transfer the crystal to a new hanging
drop in a stabilization buffer (artificial mother liquor), especially for the soaking in and out
experiments (see Section 6.3). For pKa measurements on the HDV ribozyme, we grew crystals
in 35% MPD, 10 mM MgCl2, 0.5 mM spermine, and 50 mM K-cacodylate (pH 6.5), and
transferred crystals to a stabilization buffer typically containing 50% MPD, 20 mM MgCl2, 2
mM spermine, and acetate or cacodylate buffer (50 mM) at a variety of pH values [24].

In addition, we have developed a protocol for transferring RNA crystals between labs using
express shipping. Crystals are placed in the low pH (5.0–5.4) acetate stabilization buffer for
30 min and then 5 L of crystal-containing solution is pipetted into Nalge Nunc 870 PFA tubing
(Nalgene, Inc.) with 1/4 in ID and 3/8 in OD, where the material forms a drop inside the tubing.
An extra drop of stabilization buffer is added to each end of the tubing, and the tubing is sealed
with wax (Hampton Research). The tubing is surrounded by ice bags to keep the sample cool
and sent by overnight express shipping.
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A 24-well plastic tray used for growing crystals is placed on the microscope stage and the beam
is focused on the sample using the bright field illumination lamp. Detection is by the video
CCD and readout on the computer screen (Fig. 1). It is helpful to have the drop near the center
of the cover slip. In this process, the tray is first positioned manually by hand and then precisely
by fine adjustments to the stage. After the first acquisition, it is important to rotate the crystal
in the stage and reacquire data to check for orientation dependence, as discussed in Section
2.2.

6.3. Soaking of ligands into and out of the crystal
Measurement of RNA physicochemical properties generally requires that a change be made to
the crystal conditions. We accomplish this by soaking the crystal in artificial mother liquors
in which a variable of interest (e.g. pH or Mg2+ concentration) is altered (Figs. 3 and 4). For
example, to study Mg2+-HDV interactions, we usually transfer HDV crystals in one artificial
mother liquor (containing Mg2+) to a new artificial mother liquor containing a different
Mg2+ concentration [25]. In some instances, the crystal is soaked in EDTA to remove bound
Mg2+ from the crystals, using a background of 150 mM Na+ to help maintain folding [25]; this
process was shown to be reversible, as ‘resoaking’ the crystals with Mg2+ allowed spectra
indistinguishable from the original Mg2+-containing spectra to be obtained [55]. Spectra were
acquired as a function of time to assure equilibration had occurred. As mentioned in Section
4.3, it is important that crystals be stable to these changes in experimental conditions, which
might be problematic under conditions that disfavor RNA folding or stable crystal packing,
such as extremes of pH or no Mg2+. The crystals are soaked in each artificial mother liquor for
15–20 min. Over the course of this time, the new artificial mother liquor is replenished several
times (at least 3 soaks) to assure that the equilibrium is achieved. Replenishing is important
given the high concentration of RNA in the crystal.

6.4. Acquisition and processing of Raman data
Before collecting data, the room is darkened to avoid stray late reaching the CCD. Typically,
ten 10 s accumulations are recorded, for a total acquisition time of 100 s. With a power of 100
mW and a mother liquor of 5 L bathing the crystal, this leads to heating of ~15 °C above
ambient, or temperatures near 37 °C [27], which is often an experimentally desirable
temperature. Temperature increases can be modulated to some extent by increasing the volume
of the mother liquor; waiting between accumulations; or attenuating the laser beam, albeit with
less signal.

Raman data analysis is performed using GRAMS/32 software. In general, data are viewed as
difference spectra, which allows the user to focus on the occupancy of bound ligands and the
portions of the RNA that change during the experiment. Features of the RNA that are gained
during soaking appear as positive peaks in the difference spectrum, while features that are lost
appear as negative peaks (see Fig. 4A). The following is a general procedure used to process
the data and obtain difference spectra, adapted from [63]. Prior to subtraction of Raman spectra,
a buffer spectrum is subtracted from each RNA crystal spectrum. This is accomplished by
acquiring a spectrum of the RNA crystal under condition 1 (abbreviated with ‘(1)’), followed
by a spectrum of its mother liquor, obtained by translating the hanging drop ~50 m so that the
laser focal point is shifted away from the crystal. These spectra are subtracted, [RNA crystal
(1) + buffer (1)] − [buffer (1)], to give a Raman difference spectrum of RNA crystal, referred
to as [RNA crystal (1)]. This processing step removes Raman bands due to buffer and
crystallization media present in the crystal channels. In the subtraction procedures, a scaling
factor is used to reduce the contribution of buffer peaks to zero. The same crystal is then soaked
into a new buffer to give condition 2, and a similar spectral subtraction is performed to give
[RNA crystal (2)]. Finally, a Raman spectrum of the ligand bound in the RNA crystal plus any
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accompanying conformational changes of the RNA is obtained by subtracting the two
subtractions:

(1)

Lastly, we note that having to perform three subtractions in Eq. (1) increases the noise in the
data. Callender and Deng [30] have provided a detailed analysis of the sources of error in
Raman difference spectroscopy. However, the prime factor leading to high quality difference
data is the overlap achieved between the spectra for the first two terms in Eq. (1). When good
overlap occurs the experienced operator knows immediately that high quality difference data
will result. The two considerations that lead to this situation are high signal-to-noise in the
parent spectra with the Raman peaks sitting on a low, flat optical background.

6.5. Interpretation of Raman data
There are two major approaches for interpreting Raman spectral features. One is based on
decades of research in IR and Raman spectroscopy on nucleic acids and related systems.
Specific Raman bands (position and intensity) have been associated with molecular groupings
and tabulated (Tables 3 and 4 provide assignments for the HDV ribozyme) [24,26,38,64,65].
These spectral features are then used as marker bands to follow the fate of the corresponding
groupings during chemical or conformational changes. Tables 3 and 4 summarize assignments
from experiments we have published on the HDV ribozyme. Features assignable to sugar,
phosphate, and bases are found. Importantly, there are regions of the spectrum unique to each
base, including regions unique to the protonated bases, which allow molecular states to be
assigned to specific bases and atoms within the RNA (see Section 6.6). Although usually semi-
quantitative, this method of interpreting Raman data can yield powerful biochemical insights.

The second, more recent approach of analyzing Raman spectra uses computer software. Using
commercially available quantum programs such as Gaussian [66], it is possible to calculate the
vibrational spectrum (IR and Raman) of a molecule or molecular fragment of up to 30–40
atoms. This can be accomplished on a modern personal computer in a matter of hours. This
innovation provides deep insight into molecular properties and their changes via analysis of
the Raman data. In brief, full geometry optimization of the entire molecule is performed using
Gaussian software, which is used for the subsequent estimation of harmonic force constants at
the density functional theory (DFT) level of B3LYP (Becke’s three-parameter hybrid method
using the correlation functional of Lee, Yang, and Parr ) [67,68]. A Gaussian basis set of 6–
31+G(d) was used for our previous DFT calculations [24,25]. The calculated Raman data at
the DFT/B3LYP level were converted by a single scaling factor of 0.9692 through a least-
square approach on the basis of the work of Scott and Radom [69].

We used Gaussian to analyze the vibrational modes of neutral and N3-protonated cytosine,
using a methyl group in place of a ribose at the N1 site (1-MeC) [24]. Briefly, we were able to
identify exocyclic bending and N3-C4 endocyclic stretching modes in neutral C, as well as
N3-H stretches in protonated C. Through analysis of these calculations, we then identified
spectral features that correlate with the occupancy of neutral C, which was used in pKa
determinations.

More recently, we performed quantum mechanical calculations with Gaussian to analyze metal
ion binding modes [25]. Ab initio quantum mechanical calculations were performed to predict
the Raman spectra of [Mg•(H2O)6]2+, [Mg•(H2O)5]2+−(H2PO4), and [Mg•(H2O)4]2+−2
(H2PO4). These calculations gave values for 2H-substituted and 18O-substituted molecules
that had trends with isotopic substitution that helped assign experimental data to innersphere
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complexes. Recently, similar calculations were carried out for guanine and guanine complexed
to [Mg•(H2O)5]2+ through its N7, which helped assign binding of a magnesium ion as an
innersphere complex to the N7 of G1 [26].

6.6. Measurement of physicochemical properties of RNA
There are a variety of physical and chemical properties of RNA that can potentially be measured
by Raman spectroscopy. To date, we have pursued primarily proton and metal ion binding as
summarized in Table 1. Other potential applications of Raman are mentioned in Section 7. As
discussed in Section 3.2, the nucleobases in small ribozymes have been implicated in general
acid-base chemistry [51]. In particular, we have focused on C75 in the genomic HDV ribozyme,
which has been shown to participate in general acid-base chemistry [70], with some data
implicating it as the general acid for bond cleavage and some as the general base. The proton
transfer function of C75 would be enhanced by a pKa shifted from the typical value near 4 to
a value near biological pH [71]. As mentioned above, we were able to use Gaussian calculations
to identify a spectral feature that tracked with loss of protonation of cytosine (centered at ~1528
cm−1) [24]. This feature overlapped with another peak and required fitting to a mixed Gaussian/
Lorentzian peak shape to extract its value. The 1528 cm−1 feature was divided by a PO2

− peak
centered at 1101 cm−1 whose intensity did not change throughout the titration and so provided
an internal standard. It is noteworthy that this analysis was done without taking difference
spectra, which increases signal-to-noise.

A few features are worth mentioning about these titrations. First, the identity of the titrating
species as a cytosine was readily made because of its unique spectral characteristics assignable
to a cytosine, as determined from tabulated base features (Tables 3 and 4), Gaussian
calculations, and experiments conducted on a cytosine 5′-monophosphate (CMP) standard
[24]. Second, the pKa and number of ionizing bases was determined by curve fitting to an
equation derived from a standard two-state model, divided through by a reference peak

(2)

where Iobs is the observed intensity at the 1528 cm−1 feature; IIS is the intensity of the internal
standard feature at 1101 cm−1;IRH+ and IR are the intensities of the fully protonated and
deprotonated states, respectively; and nHill is the Hill coefficient, which provides a lower limit
on the number of protons binding. Of these constants, only Iobs is a function of pH. Fits to 2
or more ionizations (where nHill was fixed at 2) did not accurately model the observed data.
The data are best modeled as a single ionization event with a pKa of 6.40 ± 0.05 (Fig. 3). The
number of ionizing cytosines was independently determined to be unity by comparing the
integrated intensity near 1528 cm−1 from an RNA crystal to a CMP calibration curve and
correlating to the concentration of the RNA in the crystal of 26 mM. Third, the ionizing base,
once identified as a single cytosine, was assigned to C75 by mutating it to a U, crystallizing
C75U, and showing that the titration was lost; future studies aim to employ isotopic
substitutions to help with identifying participating residues and to eliminate the need to make
crystallizable mutants (see Section 7). Lastly, it is worth noting that C75, with its pKa near 6.5,
was probably an ideal case for Raman crystallography. Good baselines demand about 2 pH
units in either direction of the pKa. Because the pKa was near 6.5, we could titrate between pH
4.5 and 8.5 (Fig. 3) and thereby avoid acid- or alkaline-denaturing the sample.

The other measurements made on RNA crystals in our labs to date has been studying metal
ion binding [25,26]. As summarized in Table 1, Raman crystallography has been used to
identify bound metal ions as innersphere, quantify the approximate number of metal ions bound
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to the RNA, and to identify some of the ligands to the ion. Innersphere metal ions are identified
by an unusual magnesium hydrate feature that arises at ~322 cm−1 (Fig. 4B), as determined
from early studies on electrolyte solutions [72] and Gaussian calculations (see Section 6.5), as
well as studies on model compound dimethyl phosphate plus magnesium hydrate [25].

The number of bound metal ions was estimated by dividing the area of the attenuated PO2
−

Raman peak in the presence of Mg2+ (the area of the negative limb in the differential at 1100
cm−1 in the difference spectrum in Fig. 4A) to the area of the parent spectrum (i.e. the
unsubtracted spectrum) in the absence of Mg2+. This ratio was ~0.07 in 20 mM Mg2+, which
multiplied by the number of phosphates in HDV, provided ~5 ions bound on average to HDV,
which was in good agreement with consideration of crystallographic studies [25]. In another
study, the number of bound ions that change upon lowering the pH from 7.5 and 5.0 was
estimated by taking the ratio of the innersphere feature of 323 cm−1 in the pH difference
spectrum to the same feature in the parent spectrum at pH 7.5 [26]. This ratio was found to be
about ~1/6th the total number of 5 ions, giving 1 ion ejected upon lowering the pH. This
behavior is consistent with anticooperative interaction between proton binding and Mg2+ ion
binding observed in biochemical studies [52]. Ejection of a single Mg2+ ion was further
supported by complete loss of the 323 cm−1 feature in the pH 7.5 and 5.0 difference spectrum
by modification of a single atom in the ribozyme, the N7 at position 1[26].

Ligands to innersphere-bound Mg2+ ions have been identified by detecting changes in the
intensity of specific Raman bands upon changing either the solution or mutating specific atoms.
Direct coordination of phosphate oxygens to metal ions can be discerned by the decrease in
the negative differential peak near 1100 cm−1 in the difference spectra. This signal tracks with
an increase in the resonance 323 cm−1, corresponding to [Mg(H2O)x]2+ where x ≤ 5. Both
signals increase as the metal ion concentration is increased [25].

Interaction of a magnesium ion and an N7 of a guanine within the HDV ribozyme could be
discerned by a differential feature at the guanine N7 resonance (~1489 cm−1) observed in pH
7.5–pH 5.0 difference spectrum [26] (Fig. 5B). Notably, this spectrum is remarkably similar
to that of a pH 6.0–pH 3.0 difference spectrum of CMP (compare Figs. 5A and 5B;Table 4),
which supported deprotonation of a cytosine in the HDV ribozyme (identified as C75, as per
ref [24] and above); the HDV ribozyme difference spectrum also contains an additional feature
(at 323 cm−1) for uptake of an innersphere Mg2+ ion, the above mentioned differential feature
(at ~1489 cm−1) for a guanine N7 coordination, and several features associated with changes
in the conformation of the sugar-phosphate backbone. Assignment of this guanosine was
accomplished by growing crystals in which a 7-deazaguanosine modification was introduced
at G1. In spectra of the 7-deazaguanosine mutant, both the innersphere feature at 323 cm−1 and
the differential feature at ~1489 cm−1 were lost [26]. This experiment provided positive data
supporting coordination of a [Mg(H2O)x]2+ ion to the N7 of G. One other feature was striking
about the pH-difference spectrum: no evidence was found for innersphere coordination of the
active site metal ion to PO2

−, providing evidence against phosphate coordination in this
instance. In summary, Raman can be used to identify metal ions as innersphere; calculate
stoichiometries of metal ions, as well as subpopulations that change only with pH; and identify
innersphere PO2

− and N7 ligands, which can be mutually exclusive in at least some instances.
Quantification of metal ion binding affinities can also be performed (manuscript in
preparation).

7. Concluding remarks
Raman crystallography has provided unique insights into RNA physicochemical properties,
including pKas near neutrality; metal ion binding mode, quantification, affinity, and ligands;
and conformational changes and affinity. Where comparisons are possible, agreement between
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biochemical and Raman crystallography has been superb. Native folding of the HDV ribozyme
in solution and in the crystal, with its high solvent content, likely gives rise to this agreement.
Based on this, we are encouraged that advanced approaches into RNA function by Raman
crystallography will yield even deeper insight. In the future, Raman crystallography should
also prove applicable to other functional RNAs, including riboswitches and larger ribozymes.

Selective isotopic labeling (isotope editing) of specific functional groups in the RNA should
allow for assignment of ionizing bases and ligands without the need for deletion or substitution
of functional groups. This is because the isotope-labeled atoms typically shift to a new region
of the spectrum where they can be observed in isolation. In addition, isotope editing of scissile
bonds may allow ribozyme reactions to be followed in the crystal and any reaction
intermediates or tautomers of the bases, which typically have unusual vibrations, to be
observed. An additional advantage of following the reaction in the crystal is that conditions
that populate reaction intermediates can be determined and then used to freeze crystals for
structural characterization [27]. As mentioned in Section 2.2, the rate of diffusion of material
throughout the crystal is tens of seconds, and if the reaction is too fast, its rate can be slowed
by changing the pH, temperature, or metal ions. Raman crystallography should continue to
give new and exciting insights into the structure and function of RNA.
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Fig. 1.
Diagram of the Raman microscope setup. Red laser light at 647 nm from a krypton ion laser
(Coherent Innova 70C) is used to excite the RNA (follow red lines in diagram). The laser travels
through a fiber optic cable to the top of a HoloLab Raman microscope. From there it moves
through a series of lenses and mirrors and then impinges on an RNA crystal in a 5 L hanging
drop in a crystal tray (see blow-up at bottom). The Raman photons that are backscattered from
the crystal are collected through a microscope objective set to 50× and directed to a high-
throughput Raman spectrograph with a CCD detector, which records the Raman data (see
spectrum in red). To remove the intense Rayleigh scattering, this output travels through a series
of notch filters prior to arriving at the monochromator. An illuminating lamp (follow black
lines in diagram) allows the crystal to be visualized through a video CCD (see crystal of HDV
ribozyme). This feature facilitates positioning of the crystal in the center of the laser beam by
use of a microscope stage. Adapted with permission from [73]. (Copyright, American Chemical
Society.)
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Fig. 2.
Raman spectrum of HDV ribozyme crystals. The spectrum of the wild-type ribozyme (using
2′-OCH3 substitution at the U-1 position of the inhibitor strand) in the region of 1800–600
cm−1. The crystal was surrounded by cacodylate buffer containing 20 mM Mg2+ at pH 7.0 at
room temperature (22 °C). The frequencies of major Raman bands are marked in the spectrum
and assignments of these bands are shown in Table 3. The vertical bar represents a 5000 photon
event, and the y-axis scales linearly with the number of photons. Very high signal-to–noise
ratios are obtained, ≈ 300:1. Reproduced with permission from [24]. (Copyright, American
Chemical Society.)
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Fig. 3.
pH titration of HDV ribozyme crystals. The pKa of cytosine in an HDV ribozyme crystal (using
the 2′-OCH3 substitution) containing 2 mM Mg2+ was fit using Eq. (2), as shown by the solid
line. For comparison, the best fit using Eq. (2) with a Hill constant of 2 is shown with a dashed
line. The model with a Hill constant of 1 provides the best description of the observed data.
The y-axis is the relative intensity ratio of 1528 cm−1 band (neutral cytosine) to the intensity
of the band at 1101 cm−1 (PO2

−, internal standard). A pKa of 6.40 ± 0.05 at 2 mM Mg2+ was
obtained. Reproduced with permission from [24]. (Copyright, American Chemical Society.)
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Fig. 4.
Raman difference spectra of HDV crystals [HDV + 20 mM Mg2+] minus [HDV no Mg2+] pH
6.0. Vertical bar represents photon events. (a) Partial Raman spectrum showing PO2

−

symmetric stretch of phosphate groups bound innersphere to Mg2+ at 1117 cm−1; the negative
differential at 1100 cm−1 is due to phosphate symmetric stretch of metal-free groups. (b) Raman
signatures of Mg hydrate (pentahydrate and tetrahydrate are both possible) bound innersphere
to PO2

− oxygen. Adapted with permission from [25]. (Copyright, American Chemical Society.)
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Fig. 5.
Raman difference spectra of (a) [CMP pH 6.0] minus [CMP pH 3.0] and (b) [HDV pH 7.5]
minus [HDV pH 5.0]. The HDV ribozyme crystal was surrounded by cacodylate buffer (pH7.5)
or acetate buffer (pH5.0) containing 20 mM Mg2+. Peak assignments are provided in Table 4.
Adapted with permission from [26]. (Copyright, American Chemical Society.)
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Table 1
Summary of chemical information obtainable by Raman crystallography of RNA

Chemical Information Example

Proton-binding: identification of RNA base and determination of
pKa

pKa of C75 in HDV ribozyme crystal near 6.5

Metal-binding interactions: identification of metal Bound innersphere Mg2+ itself has peak at ~322 cm−1.

Metal-binding: quantification of number of metals and affinity Agreement between metals from Raman and from crystal structure.

Metal-binding interactions: identification of RNA ligands Innersphere Mg2+ -PO2
− interaction has a differential near 1100 cm−1.

Innersphere Mg2+ N7 of guanine interaction has a differential near 1490
cm−1.

Isotope effects on metal binding Determination of H2
18O and 2H2O effects on bound innersphere Mg2+

ion.

RNA conformational changes ribose, phosphate backbone

Compare crystal behavior to solution Similar pKa, metal binding found for HDV ribozyme.

Chemical reaction in crystal; identify reaction intermediates and
determine optimal conditions for trapping target species for X-ray
analysis

Not demonstrated for RNA yet, but shown for proteins
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Table 2
Experimental parameters for a RNA Raman crystallography experiment

RNA crystal Raman microscope system

Size Minimum is 30 μm edge; typical is
100–300 μm

Excitation source 647.1 nm Kr+ laser

Quality Stable to changes of experimental
conditions (e.g. pH, ions, …)

Laser power 50–100 mW

Reservoir solution Stabilization buffer: 20 mM MgCl2, 2
mM spermine, 50% MPD, 50 mM
buffer

Microscope objective 50× (or 20×) long- focal-length

Hanging drop ~5 μL stabilization buffer Operation mode Nonconfocal mode

Symmetry High symmetry is less orientation-
dependent (e.g. cubic)

Data collection time 100 s (=10 accumulations for 10
sec each)

Resolution Low resolution (e.g. 5 Å) crystals work
well

Operation temperature Room temperature

Temperature Crystal is in hanging drop at ambient
temperature (i.e. no cryo- conditions
used)

Detector Charge-coupled device at −70 °
C
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Table 3
Assignment of major Raman bands observed in HDV ribozyme crystals

Wavenumber (cm−1) Assignment

1677 (m) base C=O

1574 (s) A, G

1535 (w) C

1528 (w) C

1483 (vs) G, A

1460 (w) C-H (ring)

1421 (w) A, G

1376 (m) A, G

1337 (s) A

1322 (s) G

1252 (s) C

1232 (sh) U

1181 (w) G

1101 (s) PO2
−

1045 (w) ribose

999 (w) ribose

917 (w) ribose

812 (s) O-P-O

784 (vs) C, U

725 (m) A

670 (m) G

633 (w) G

Vs, very strong; s, strong; m, medium; w, weak; sh, shoulder. The features assigned to the bases are due to ring modes. Reproduced with permission from
[24]. (Copyright, American Chemical Society.)
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Table 4
Positions (cm−1) and assignment of major Raman difference bands observed in Raman difference spectra of [HDV pH
7.5] minus [HDV pH 5.0] and [CMP pH 6.0] minus [CMP pH 3.0]

HDV CMP

Wavenumber (cm−1) Assignment Wavenumber (cm−1) Assignment

1547 C+

1528 C 1529 C

1489/1473 G

1341 A

1298 C 1298 C

1258 C+ 1258 C+

983 PO3
2−

929 ribose

916/896 ribose

892 ribose

815 -O-P-O-

790 C+ 790 C+

780 C 778 C

728 A

599 C 599 C

323 Mg(H2O)x
2+ (≤5)

C, neutral cytosine; C+, protonated cytosine; Mg(H2O)x2+ (x≤5), inner-sphere coordinated Mg-hydrate. The features assigned to the bases are due to
ring modes. Reproduced with permission from [26]. (Copyright, American Chemical Society.)
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