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Abstract
Advances in the adaptation of optical spectroscopy to monitor photo-induced or enzyme catalyzed
reactions in the crystalline state have enabled x-ray crystal structures to be accurately linked with
spectroscopically defined intermediates. This in turn has led to a deeper understanding of the role
protein structural changes play in function. The integration of optical spectroscopy with x-ray
crystallography is growing, and now extends beyond linking crystal structure to reaction
intermediate. Recent examples of this synergy include applications in protein crystallization, x-ray
data acquisition, radiation damage and acquisition of phase information important for structure
determination.

Introduction
The last two years have brought about significant progress in the development of single crystal
microspectrophotometers, and associated methodologies [1•,2]. As these become more widely
available, they are being used to find conditions that allow reaction intermediates to accumulate
in the crystal for x-ray structure determination, thus challenging the dogma that protein crystals
are static entities [3• •,4• •]. Advances in methodology and equipment manufacturing have
enabled the incorporation of optical spectroscopy and crystallography into common platforms,
thereby increasing our knowledge of how complex biological systems behave in the crystalline
state (Figure 1).

The most common use of optical spectroscopy in crystallography is to confirm the identity of
reaction intermediates trapped within a crystal, and thus directly link a structure to its position
along the reaction co-ordinate [5–13• •,14–16•,17•,18,19]. Since spectroscopic techniques can
be used to complement each other, researchers are beginning to combine different types of
optical spectroscopies to assist in the identification of species contained within the crystal
[13• •,14]. As the number and variety of crystal structures of trapped intermediates has
increased, interest has also grown in how the crystalline state affects reaction kinetics.
Obtaining kinetic data from the reaction occurring in the crystal [17•–19] enables comparison
with solution measurements [20–26]. Not surprisingly reaction steps that depend on
conformational change often slow down within the crystal, and this can enable key
intermediates to accumulate and be trapped by rapid freezing. In the case of photosensitive or
redox centers, the need to verify that the crystals still contain the desired intermediate during
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x-ray exposure and crystallographic data acquisition, has become an important requirement.
X-rays are highly oxidizing, and they generate photoelectrons from solvent within the crystals.
Therefore, different kinds of microspectrophotometers are being incorporated into x-ray
beamlines for direct monitoring of x-ray induced changes [2,14,15,27,28•–31•,32,33].

Recently optical spectroscopy has been incorporated into other areas of crystallography, such
as in the automation of protein crystallization and x-ray data acquisition [27,34], assessment
of protein damage due to intense x-ray exposure [31•] and acquisition of phase information for
structure determination [28•].

This review focuses on recent developments in single crystal optical spectroscopy (Raman,
infrared, fluorescent and UV/visible) that complement and enhance x-ray crystallography of
protein and DNA.

Kinetics and structures of trapped reaction intermediates
Optical spectroscopy of protein crystals is most often used to confirm the presence of a reaction
intermediate for structure determination. Research has focused on redox or light-sensitive
proteins where there is a wealth of solution spectroscopic studies to compare to the data
generated from the crystalline state. Most times a single spectroscopy technique is sufficient
to detect the intermediate [5–12,15,16•,17•–19]. A recent and elegant example involves the use
of Raman spectroscopy coupled to a crystal structure of superoxide reductase (SOR) [16•].
SOR is a bacterial non-heme mononuclear iron enzyme that catalyzes the transformation of
toxic superoxide anion radical (O2

•−) into hydrogen peroxide through a one-electron reduction
pathway. Electron transfer is expected to be the first step in the SOR catalytic mechanism to
form iron(III)-peroxo, which is then singly protonated to form an iron(III)-hydroperoxo,
followed by a second protonation to give the product hydrogen peroxide, which dissociates
from the enzyme. Crystals of the mutant enzyme E114A, known to stabilize the iron(III)-
peroxo state, were treated with hydrogen peroxide. Raman spectroscopy demonstrated the
presence of isotope-sensitive bands at ~567 cm−1 and ~838 cm−1, which fit within the expected
range for iron(III)-peroxo species. Surprisingly there were three distinct end-on iron(III)-
peroxo conformations within the same asymmetric unit, suggesting to the authors possible
sources for the two protons required for product formation. As this study demonstrates, Raman
spectroscopy is a particularly powerful technique for identifying small ligands bound to
proteins, such as dioxygen species that are key players in aerobic biology.

As more single crystal spectroscopy instruments become available, studies are beginning to
combine two complementary spectroscopic techniques to investigate reaction intermediates
observed in crystals [13• •,14,21,22,24,26]. The power of using multiple spectroscopies is
illustrated by a study to understand structural changes that accompany the photocycle of
microbial phototaxis receptor sensory rhodopsin II (NpSRII) protein [13• •]. NpSRII is a
membrane protein found in the haloarchaeon Natronomonas pharaonis that upon light
exposure triggers a signal through its transducer protein NpHtrII to induce photophobic
movement in the bacterium. The physiological protein complex, observed both in membrane
preparations and crystals, consists of two molecules of NpSRII and two molecules of NpHtrII.
The two crystal structures in the study correspond to the K and late M (M2) states of the NpSRII
photocycle. Formation of the K intermediate is the initial step following excitation by light,
and late M is the signaling state that is translated to the receptor. UV/visible and Fourier-
transform infrared (FTIR) spectroscopies were key to identifying the intermediates trapped in
the crystals, and for comparison between the photocycle kinetics in the crystals to that in
membrane preparations (Figure 2).

In addition, researchers are now revisiting previously published crystal structures of reaction
intermediates. Undertaking kinetic studies in crystals, monitored by spectroscopic techniques,
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several studies have been able to clarify how the crystal structures fit with solution data [20,
23,25,35].

Dealing with adversity
The increased x-ray flux and improved focusing at synchrotron beamlines has enabled protein
structures to be determined to high resolution from increasingly small crystals. However, this
can lead to increased radiation damage and/or photoreduction of functionally important redox
centers in proteins [36]. General radiation damage of protein side-chains, such as
decarboxylation of acidic side-chains and oxidation of disulfide bonds, occurs on a relatively
slow timescale, and although evident in final electron density maps, it can be tolerated if not
in a functionally important part of the protein [37,38]. To counter this, radioprotection using
free-radical scavengers has been suggested as a possible means of reducing the rate of radiation
damage [32,39•]. A systematic study of radiation damage to thiols and disulfide bonds has been
recently carried out, monitored by an on-line UV/visible microspectrophotometer, that
suggests ascorbate, 2,2,6,6-tetramethyl-4-piperidone and reduced dithiothreitol might be
useful radioprotectants [39•]. X-ray damage to brominated DNA crystals has recently been
followed using on-line Raman spectroscopy during synchrotron x-ray data collection [33].

In the case of redox centers, their very nature tends to lead to rapid photoreduction by electrons
generated from solvent oxidation [40], giving final electron density dominated by the reduced
cofactor [31•]. As these cofactors are at the heart of protein function, this is a serious issue. To
counter this problem, researchers now generate composite datasets, either through translation
of a single crystal during x-ray exposure or from multiple crystals. If the reduction can be
followed spectroscopically, the ideal solution is to simultaneously collect x-ray and
spectroscopic data from multiple crystals exposed for a short amount of time to the x-ray beam
[29,30,33]. This approach directly tracks the chromophore reduction in each individual crystal,
which may vary in thickness and shape leading to different dose rates. A cutoff, either based
on reduction rate or maximum x-ray dose, can be selected for each crystal. Only the data prior
to the cutoff is then used in the creation of the composite dataset [29–31•]. However, this is
complicated by the anisotropic nature of single crystals, and it is often impossible to track redox
changes accurately using static on-line microspectrophotometer optics with a rotating crystal
[31•]. If reduction is not rapid, the crystal can be rotated back to the starting position for the
acquisition of optical spectra at regular intervals during x-ray data collection. However, in the
case of rapid reduction of redox centers this is not possible, as once the process reaches a critical
point it continues in the absence of x-rays [31•]. Recently, a general strategy has been presented
that allows these variables to be accounted for, and has enabled the effective monitoring of the
reduction of three separate oxidized species within the same crystal [31•]. An on-line UV/
visible microspectrophotometer with static optics was used on the same beamline where
experimental x-ray data were collected (Figure 3). Multiple crystals were exposed to x-rays in
dummy data collections that exactly duplicated the experimental data collection, only the
crystal was not rotated. Although over a 2-fold difference was observed in the time taken, for
example, to reach 20% reduction of the Cu(II) ion contained within each crystal, this enabled
the selection of a conservative time cutoff for all crystals that was less than the shortest time
observed. Using multiple crystals to define an allowable time gave confidence that no oxidized
species would be at less than 80% occupancy at any point during x-ray data collection.
Radioprotectants may also help in reducing redox center reduction, with nicotinamide, and to
a lesser extent sodium nitrate, being found to decrease the rate of heme reduction in myoglobin
crystals [32].

A positive outcome of this process is that photoreduction can sometimes be used to generate
and solve the structure of a reduced species. Kühnel et al. used photoreduction to their
advantage in chloroperoxidase crystals [29]. Chloroperoxidase is a heme enzyme, and is
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unusual in that it contains many features associated with the enzymatic activity of cytochromes
P450, such as a proximal Cys ligand to heme. Cytochromes P450 are the major players in drug
metabolism, carcinogen activation, and biosynthesis of physiologically important molecules,
such as steroids, fat-soluble vitamins and fatty acids. Chloroperoxidase has been found to be
a crucial model system for understanding cytochrome P450 reaction intermediates. The
researchers first trapped compound III within the crystals. However, when the
chloroperoxidase crystals were undergoing x-ray data collection at the synchrotron, UV/visible
spectra from an online microspectrophotometer revealed that compound III was reduced first
to a peroxo species, and then rapidly to compound 0. These researchers were thus able to obtain
the structure of compound 0 through the construction of a high x-ray dose dataset.

Innovative uses of optical spectroscopy in crystallography
There are two emerging areas in crystallography where optical spectroscopy is being put to
good use. The first is in the identification of protein crystals within crystallization trials. Noda
et al. employed an automated confocal Raman spectroscopy microscope to screen hanging
drop vapor diffusion protein crystallization trays for emerging crystals [34]. This microscope
analyzed trays with high spatial resolution so that it was able to distinguish between real protein
crystals and pseudo-protein crystals. The second area involves finding the location of protein
crystals once they have been mounted for x-ray data collection. This is commonly done by eye
using a video camera and visible light. With the increasing use of very small crystals for x-ray
data collection at synchrotrons, and the advent of microdiffractometers and microfocus
beamlines [41], one of the current challenges is locating the position of the crystal within a
much larger loop. Vernede et al. have used fluorescence spectroscopy to aid in locating protein
crystals that were either too small or too embedded in mother liquor to be easily observed with
the naked eye [27]. Using UV light (266 nm) to excite the aromatic residues within the protein
to fluoresce, they were able to clearly locate glowing crystals within loops (Figure 4).

One area of crystallography where there is always room for ingenuity is in the calculation of
an initial phase set for structure determination. Lately, the use of x-ray induced radiation
damage for phasing has been increasing, as it provides the ability to collect x-ray data from a
single crystal without the need for the introduction of heavy atoms [42,43]. However, it does
require access to intense x-ray sources, in other words synchrotrons. One new direction is the
use of UV-induced radiation damage, which has been used to obtain phases for multiple protein
crystals, including lysozyme, trypsin, and ribonuclease A [28•]. The use of an on-line UV/
visible microspectrophotometer was key to aligning the x-ray beam, spindle and
microspectrophotometer optics, so that one of the microspectrophotometer optic cables could
be used to deliver light to the crystal from a 266 nm UV laser. As this method does not require
an intense x-ray source to induce damage, it may prove useful for phasing on a home source.

Improvements in single crystal microspectrophotometers
A new fluorescence microspectrophotometer, specifically designed for kinetic studies on
protein crystals in combination with x-ray crystallography, can be used easily on or off x-ray
beamlines [2]. One of the most appealing features of this setup is that it is built for 0o

fluorescence detection, rather than the more normal 90o configuration. It uses a single objective,
and is thus much more compact. The authors introduced a fluorophore into the switch region
of GTPase H-Ras p21, a key protein in intracellular signaling that is linked to the development
of a variety of cancer tumors. Upon GTP hydrolysis, the protein undergoes a conformational
change involving the switch region. This conformational change can occur within the crystal
lattice without loss of diffraction. Using a caged GTP, the reaction was initiated by photolysis.
The conformational change was followed directly in the hanging drop crystallization tray, as
well as in a crystal mounted in a loop in a vapor saturated gas stream, by combining the
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microspectrofluorimeter with a stereomicroscope. X-ray radiolysis, often used to decage
substrates, was also investigated, and the system proved to be highly sensitive, with observed
fluorescence changes suggesting that more was occurring in the crystals than simply the
decaging event. The ability to combine this microspectrofluorimeter with minimal or no
modification to stereomicroscopes and a variety of beamlines, promises to make this instrument
a useful and adaptable tool within the single crystal microspectrophotometer arsenal.

Conclusions
Improvements in integrating optical spectroscopic methods with crystallographic techniques
have increased our ability to follow chemical reactions in crystallized proteins, and trap reaction
intermediates for x-ray crystal structure solution. These results have led to a profound
understanding of complex enzyme and photoreceptor mechanisms. However, the synergy now
extends beyond this. Other examples of optical spectroscopic applications within x-ray
crystallography are now emerging, including the identification of crystalline material in
crystallization experiments, in locating microcrystals mounted within loops for x-ray data
collection, and following radiation damage in protein and DNA crystals, including its use in
providing initial phases for structure determination. The future appears bright for the
continuing integration of single crystal optical spectroscopy with x-ray crystallography.
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Figure 1.
Synergy between single crystal optical spectroscopy and x-ray crystallography.
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Figure 2.
Crystal structure of the NpSRII / NpHtrII complex and its spectroscopic characterization. a,
Crystal structure of the complex in the ground state consisting of two molecules of NpSRII
(red) with two molecules of NpHtrII (green). The ribbon diagram of the side view of the
complex in B-factor coloring: light red and green indicate less mobile; dark red and green
indicate mobile. ES, extracellular side; CS, cytoplasmic side. The dotted lines confine the
hydrophobic core of the protein. b, Low-temperature (100 K) absorbance spectrum of the
complex in crystals: ground state (black), trapped M state (red) and a difference spectrum of
trapped K state minus ground state (blue). c, Photocycle kinetics of the complex in crystals
and of the complex reconstituted in polar lipids from purple membranes of Halobacterium
salinarum in 3 M sodium phosphate pH 5.6 at 25 °C. Traces of transient absorbance difference
of the complex at 390 and 555 nm show the time evolution of the M and O states. Raw data
are shown in black, and exponential fits are shown in red and blue for the complex in liposomes
and in crystals, respectively. d, Difference FTIR spectra of illuminated minus non-illuminated
complex in the crystal (red) and reconstituted in liposomes (black) measured at room
temperature. Figure and legend reprinted with permission from [13••].
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Figure 3.
The 4DX Systems microspectrophotometer optics mounted on-line at BioCARS beamline 14-
BM-C. A, fiber-optic light guides. B,κ-diffractometer. C, 4DX focusing optics. D, custom
mount for 4DX optics. E, cryostream. Figure and legend reprinted with permission from
[31•].
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Figure 4.
Fluorescence images recorded with the standard setup. A crystal of cephamycinase 2 (~20
μm in thickness) is shown in three different orientations in visible light, a or UV light, b. Red
points show the crystal center as detected by the C3D software. The crystal is hardly detectable
in visible light, so C3D fails to identify it correctly in orientations 2 and 3. In contrast, the
crystal is easily identified under UV-laser illumination by both the user and the software,
whatever the loop orientation. Figure and legend reprinted with permission from [27].
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