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Photoactive yellow 
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from purple sulfur 
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Ectothiorhodospira 
halophila, is a 

water−soluble 14 kDa 
photoreceptor protein. 

The crystal structure at 1.4 
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fold similar to that of 
eukaryotic proteins 

involved in signal 
transduction.
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Trans to cis isomerization of the buried, covalently-attached, 4-hydroxycinnamic acid 
chromophore in the sub-ns time scale introduces strain into the chromophore and its 
surrounding pocket. This strain progressively relaxes in both the chromophore and the protein 
over the time scale from ns to 100s of ms and ultimately leads to ejection of the chromophore 
from the core of the protein and the introduction of disorder, predominantly in a pair of N-
terminal helices. The photocycle is completed on the s time scale by cis to trans reisomerization 
and reinsertion of the chromophore. The questions we seek to answer are:  What are the 
structures of the spectroscopically-distinct intermediates that populate this photocycle? How 
does isomerization induce tertiary structural changes? How do these propagate through the 
protein and ultimately induce disorder at the N-terminus? Our answers, by time-resolved Laue 
diffraction to ~1.6 Å resolution, spanning the time scale from ns to s for both wild type and the 
E46Q mutant of PYP, and complemented by cryotrapping studies, are contained in several 
publications (Šrajer et al., 2001; Rajagopal and Moffat, 2003 Schmidt et al., 2004; Anderson et 
al., 2004a, 2004b, 2004c; Rajagopal et al., 2005; Ihee et al., 2005; Yeremenko et al., 2006).  
Very recently, we have complemented our X-ray studies by neutron diffraction (Fisher et al., 
2007). 
 
To illustrate our more recent results, we provide verbatim a semi-popular article from “APS 
Science 2005” that was stimulated by Ihee et al. (2005). 
 
Untracking Intermediates in Photoactive Reaction 
From APS Science 2005, May 2006 (p. 92-93) – Mona Mort 
 
Figuring out how molecules morph during reactions is not always easy, especially if it happens 
in less than a second. We can surmise that intermediate molecules exist but never really 
know—unless there is a way to visualize those intermediates. Such a technique would be 
particularly useful for photoactive proteins, where the form and function of energy carriers is 

critical to understanding the reaction. A beautiful set of 
intermediate molecules appeared in an analysis recently 
performed with help from the facilities at the APS. An 
international team—led by the Korea Advanced Institute 
of Science and Technology (KAIST)—used the BioCARS 
14-ID-B beamline at the APS and beamline ID09B at the 
European Synchrotron Radiation Facility (ESRF) to study 
a bacterial photoreceptor protein at time points up to one 
second, producing a major breakthrough in our 
knowledge of photocycle reaction mechanisms. 
 
The researchers determined three-dimensional (3-D) 
intermediate structures—in real time and under ambient 
conditions—of the blue-light photoreceptor photoactive 
yellow protein (PYP) from the bacterium Halorhodospira 
halophila. A comprehensive set of Laue data collected 
during the PYP photocycle allowed tracking of all atoms, 
as well as observation of how a blue-light photon 
absorbed by its p-coumaric acid (pCA) chromophore 
triggered a reversible photocycle. This event is a complex 
chemical mechanism, in which five distinct structural 
intermediates emerged. In the early appearing, red-
shifted intermediates, structural changes at the 

 
 
Figure 2.2.3.4.a Overlay of 
intermediates on one of the reaction 
pathways determined from SVD and 
posterior analysis of time-resolved Laue 
crystallographic data from wild-type 
Photoactive Yellow Protein. Yellow 
denotes structural intermediates pG, 
red ICP, purple RCW, and blue pB1. 



pG446
trans
deprotonated

pB355
cis
protonated
blue−shifted

O−O

S

O

S

O−

O

S

OH

pR465
cis

deprotonated
red−shifted

Photocycle: Meyer, T.E., Yakali, E., Cusanovich, M.A. & Tollin, G.
(1987). Biochemistry 26, 418−23.
Hoff, W.D., Van Stokkum, I.H.M., Van Ramesdonk, H.J., Van
Brederode, M.E., Brouwer, A.M., Fitch, J.E., Meyer, T.E., Van
Grondelle, R. & Hellingwerf, K.J. (1994). Biophys. J. 67, 1691−705.
Chemical structure: Hoff, W.D., Dux, P., Devreese, B.,
Nugteren−Roodzant, I., Crielaard, W., Boelens, R., Kaptein, R., Van
Beeuman, J.J. & Hellingwerf, K.J. (1994). Biochemistry 33, 13959−62.
Baca, M., Borgstahl, G.E.O., Boissinot, M., Burke, P.M., Williams, W.R.,
Slater, K.A. & Getzoff, E.D. (1994). Biochemistry 33, 14369−77.
Isomerization: Kort, R., Vonk, H., Xu, X., Hoff, W.D., Crielaard, W. &
Hellingwerf, K.J. (1996). FEBS Lett. 382, 73−8.

photo−isomerization
k1>109 s−1

thermal
isomerization
k3=2.6 s−1

hν

k2=7500 s−1



P1 Ø
k1
P2 Ø

k2
P3 Ø

k3
P4

c1
£
 HtL = -k1 c1 HtL, c1 H0L = 1

c2
£
 HtL = k1 c1 HtL - k2 c2 HtL, c2 H0L = 0

c3
£
 HtL = k2 c2 HtL - k3 c3 HtL, c3 H0L = 0

c4
£
 HtL = k3 c3 HtL, c4 H0L = 0

c1 HtL = ‰
-t

c2 HtL =
‰-t - ‰-k2 t

-1 + k2

c3 HtL = -
‰-k3 t k2 I1 - k2 + ‰H-1+k3L t Hk2 - k3L + ‰H-k2+k3L t H-1 + k3LM

H-1 + k2L H-1 + k3L H-k2 + k3L

c3 HtL = 1 - c1 HtL - c2 HtL - c3 HtL





animation 



Scripps Xfit/XtalView plot tmp.ps created Sat Feb  3 23:58:50 2001  for renz 

Zhong
P



Possible ways to vary  and/or  in Bragg equation 2dsin  =  

to measure complete integrated intensity 
 

Crystal motion 

0 – motionless 

1 – with motion 

X-ray wavelength 

0 – fixed monochromatic 

1 – polychromatic or 

      scanning monochromatic 

Incident angle 

0 – highly collimated 

1 – variable, 

      e.g., fan, cone, angular sweep 

Experiment type 

0 0 0 Incomplete integrated intensity 

1 0 0 Monochromatic oscillation 

0 1 (polychromatic) 0 White (pink) beam Laue 

0 1 (scanning monochromatic) 0 Monochromatic Laue 

0 0 1 FEL/4
th
 generation source 

0 1 1 Smeared Laue 

1 0 1 Highly focused mono 

1 1 0 Laue oscillation 

1 1 1 Mess 

 



 

Time-resolved Fast Laue diffraction: polychromatic motionless 

   

Static Slow Conventional technique: monochromatic oscillation/rotation 
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Harmonic and spatial overlap deconvolution 
 

Harmonic reflections like (2 3 1) and (4 6 2) overlap exactly in one spot 
on a Laue pattern.  A specially-designed numerical procedure called 
harmonic deconvolution is able to separate these two reflections.  This 
process relies on redundant and symmetry-related measurements.  The 
same algorithm is also applied to deconvolute extremely-close spatial 
overlaps.  These procedures help to evaluate more data at both low and 
high resolution ranges.  Data completeness can be improved by an 
additional 10-15%. 
 
 
                                                                                              spatial 
                                                                                                                                overlaps 
                                                          harmonic 
                                                           overlaps 
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Laue software 
 

• Daresbury Laboratory Laue Software Suite 

(http://www.srs.ac.uk/px/jwc_laue/laue_top.html) 

• TReX, Friedrich Schotte 

• LEAP (Laue Evaluation Analysis Package), Soichi Wakatsuki 

• LAUECELL, Raimond B.G. Ravelli 

(http://www.crystal.chem.uu.nl/distr/man_lauecell/lauecell.html) 

• LaueView, Zhong Ren 

(http://cars.uchicago.edu/biocars/pages/lauemanuals.shtml) 

• Precognition , Zhong Ren, Renz Research, Inc. 

(http://renzresearch.com/Precognition) 



Key points in Laue data processing 
 

Geometry: Precise prediction of the location of each and every diffraction spot is critical to all subsequent 
processing. 

 

Integration: Faithful integration of recorded pixel intensities and accurate evaluation of local background are keys to capture of 
structural signal. 

 

Scaling: Ability to model a variety of systematic errors during the complex process of wavelength normalization and scaling 
leads to precise data reduction. 

 

Mosaicity: Proper handling of crystal mosaicity ensures smooth processing in various steps. 
 
 

Overlap: Sophisticated deconvolution procedures can help to retrieve useful data otherwise lost in overlapping, and to achieve 
the best possible data completeness. 
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Structure refinement against Laue data 
 
Structure Images Resolution Completeness Rcryst Rfree Bond length rmsd Bond angle rmsd 
Hemoglobin 62 1.6 Å 85.9% 14.7% 16.7% 0.010 Å 0.068° 
Exohydrolase 32 2.6 Å 75.9% 19.5% 25.8% 0.025 Å 2.15° 

 





 



J. CHEM. SOC. FARADAY TRANS., 1993, 89(15), 2667-2675 2667 

High-resolution Crystallographic Studies of Native Concanavalin A 
using Rapid Laue Data Collection Methods and the Introduction of a 
Monochromatic Large-angle Oscillation Technique (LOT) 
Susanne Weisgerber 
Department of Chemistry, University of Manchester, UK M 13 9PL 
John R. Helliwell 
SERC, Daresbury Laboratory, Warrington, UK WA4 4AD 
and Department of Chemistry, University of Manchester, UK M 13 9PL 

With synchrotron radiation (SR) high-intensity, polychromatic X-ray beams have become available to protein 

crystallographers. In Laue diffraction the white beam is used, thus making rapid data collection possible and 

opening the way for time-resolved experiments. However, Laue patterns suffer from high local densities of spots 

(leading to spatial overlaps) and consist of up to 12.5% of multiple-order reflections (energy overlaps). Both 

these problems lead to incomplete datasets and some systematic errors in the corresponding electron density 

maps. We report here data collection on native concanavalin A and subsequent structure analysis to 1.95 A 

resolution. The number of spatial overlaps in the Laue patterns was reduced through the use of a three- 

dimensional (30) detector (the so-called toast-rack detector) which records the diffraction pattern at various 

distances, i.e. in different magnifications, simultaneously. Laue spots consisting of two harmonics were decon- 

voluted in ordero to improve further the completeness of the dataset, espoecially at low re!olution. The high 

resolution (1.95 A) was realized using a relatively narrow bandpass (k0.2 A) centred at 0.7 A wavelength. The 

Laue data and, in comparison, a dataset consisting of the Laue data combined with additional low-resolution 

monochromatic diffractometer data, were used to refine the model structure, certain parts of which served as a 

test for the data quality and are highlighted. Additionally, a new approach towards fast collection of low- 

resolution data using a monochromatic synchrotron beam is introduced, which is based on large-angle (e.g. 90”) 

single exposures and a rotating or oscillating crystal. The method, referred to as LOT (large-angle oscillation 

technique), may be of interest also for routine data collection, e g .  heavy-atom screening. This technique com- 

plements the Laue method for rapid measurement of a unique dataset. A scheme based on a 3D arrangement 

and/or large areas (e.g. 1 m x 1 m) of image plates is also of interest for high-resolution, LOT data collection 

from macromolecular crystals, with reduced time overheads for data collection. 

Macromolecular crystallography is usually referred to as a 
static technique. However, the combination of synchrotron 
X-ray sources and crystals of, e.g., enzymes, which are active 
in the crystal, has led to time-resolved studies.’ The key steps 
in such methods involve reaction initiation, monitoring and 
trapping of intermediate states in crystals. The imaging of an 
intermediate reaction structure uia X-ray crystallography 
requires that a dataset is recorded at the appropriate time 

after reaction initiation and is of sufficient completeness and 
quality to allow an interpretable image of the structure to be 
calculated. The Laue method has been successfully used, for 
example, in a time-resolved study of GTP hydrolysis, cataly- 
sed by the protein ~ 2 1 . ~  Also, the Laue method has been 
evaluated as a method for structural analysis in a number of 
studies as detailed below. This paper reports our recent work 
involving the synchrotron Laue method as applied to high- 
resolution (1.95 8) crystallographic studies of concanavalin A. 
The novel features of the Laue data collection and analysis 
reported here include the use of the 3D film arrangement 
known as the toast-rack’~~ as well as the application of a 
deconvolution procedure of doublets based on differential 
film ab~orption.’.~ The ease of interpretability of the electron 
density at the cis-peptide in concanavalin A between amino 
acid residues 207 and 208 is used as one test of the data. 
Other structural tests are also reported. An essentially com- 
plete dataset is created by combining the Laue data with 
Cu-Ka diffractometer data. This provides a bench mark 
against which the Laue data alone are compared. Clearly 
there is an advantage in terms of interpretability of electron 
density to have as complete and accurate a dataset as poss- 
ible. The technical challenge in these studies is to do this 
without loss of time resolution. An analysis of the time 

elapsed in crystallographic data collection has been given 
r ecen t l~ .~  Minimization of the total time, T, needed to 
measure a dataset involves minimizing the time t,, to make 
an exposure, the time t ,  , to change the film cassette or toast- 
rack or clear the electronic detector, and the total number, N, 
of exposures required to make a complete dataset, according 
to the equation: 

T = “ t ,  + (N - 1)tJ (1) 

Since N = 1 eliminates the t ,  component of T we propose 
here a method based on a large-angle (e.g. 900) single ex- 
posure using a monochromatic SR beam and a rotating 
crystal. At this stage, we report initial test exposures whereby 
low-resolution concanavalin A data (up to ca. 4 A) are 
recorded in a single exposure. These data would complement 
a Laue dataset avoiding the loss of low-resolution data which 
is a complexity of the Laue m e t h ~ d . ~  These exposures look 
very promising both for time-resolved studies and also 
perhaps for routine data collection (e .g .  heavy-atom 
screening). 

Rapid Data Collection and the Laue Method 

Fast collection of an as complete as possible dataset from a 
macromolecular crystal can be achieved by optimizing 
various parameters as mentioned above. It is necessary that 
(i) exposure times should obviously be short; (ii) a few ex- 
posures should suffice to sample one symmetry equivalent of 
reciprocal space ; (iii) the number of processable diffraction 
spots per exposure should be maximized; (iv) time intervals 
between exposures (as given by readout or scanning of detec- 
tors or by changeover of film cassettes) should be minimized. 
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Time-Resolved Protein Crystallography with Large-Angle 
Oscillations: an Application of a Protein Data-Collection 
System Using the Weissenberg Technique and a Large- 
Format Imaging Plate 

N. Kamiya,at K. Sasaki,bt N. Watanabe,Ct N. Sakabe d and K. Sakabeet 

a The Institute of Physical and Chemical Research (RIKEN), Hirosawa 2-1, Wako 351-01, 
Japan, OCollege of Medical Technology, Nagoya University, Higashi, Nagoya 461, Japan, 
cphoton Factory, National Laboratory for High Energy Physics, Oho, Tsukuba 305, Japan, 
dlnstitute of Applied Biochemistry and TARA,~. University of Tsukuba, Ten-no-dai, Tsukuba 
305, Japan, and e Department of Chemistry, Nagoya University, Chikusa, Nagoya 464, 
Japan. E-marl: nkamiya @postman.dken.go.jp 

(Received 12 July 1996; accepted 6 November 1996) 

A diffraction-intensity data-collection system with synchrotron radiation X-rays utilizing the screen- 
less Weissenberg technique and incorporating a large-format imaging plate is one of the most 
suitable apparatus for time-resolved protein crystallography with larger angle oscillations than hitherto 
described. The time resolution and data quality of the system have been tested using a tetragonal 
lysozyme crystal as a test sample in a flow-cell experiment at the bending-magnet beamline 18B at 
the Photon Factory, and a time resolution of 15 min is confirmed. 

Keywords: large-angle oscillations; Weissenberg technique; imaging plates; short-wavelength 
X-rays; Photon Factory; tetragonal lysozyme; time-resolved studies. 

1. Introduction 
For time-resolved protein crystallography, data-collection 
systems with synchrotron Laue diffraction geometry have 
recently been developed (Helliwell et al., 1989; Bourgeois 
et al., 1996, and references therein). The Laue method is 
very powerful for studying fast reactions with a time scale 
of the order of picoseconds to milliseconds (depending on 
the scattering efficiency of the crystal sample). However, 
diffraction data sets collected using the Laue method are 
inferior in accuracy and completeness to those obtained 
with monochromatic radiation. 

Unlike the Laue method, the large-angle oscillation 
technique, LOT (Weisgerber & Helliwell, 1993), with 
a monochromatic X-ray beam provides diffraction data 
with high accuracy and high completeness (Bradbrook 
et al., 1995), and is applicable to time-resolved protein 
crystallography with a time scale longer than minutes or 
hours. This time scale is comparable with that of soaking 
processes of chemical reagents into protein crystals. These 
soaking processes may often increase the sample crystal 
mosaicity, which will affect the data quality in the Laue 
method. Application of the LOT is not seriously limited by 
the sample crystal perfection. A chemical reagent soaking 
process can be observed by X-ray crystal structure analysis 
with a flow cell (Hajdu et al., 1987). 

. Guest researcher for the Sakabe project of TARA. 
+ Tsukuba Advanced Research Alliance. 

© 1997 International Union of Crystallography 
Printed in Great Britain - all rights reserved 

Among techniques using monochromatic X-rays, the 
screenless Weissenberg method (Sakabe, 1983, 1991) gives 
less-overlapping diffraction patterns of reflections in the 
large oscillation angle up to high resolution than other 
oscillation techniques. This is because the Weissenberg 
camera translates the detector synchronously with the crys- 
tal oscillation to avoid overlapping of recorded reflections. 
Therefore, the Weissenberg method is one of the most pre- 
ferred techniques for time-resolved protein crystallography 
using the LOT for slow reactions (Hajdu & Andersson, 
1993). 

In order to realize the large oscillation range, the screen- 
less Weissenberg camera designed for the LOT must have a 
large cassette radius because intervals of layer-lines should 
be wide enough to record many reflections separately. 
However, a large cassette inevitably requires a detector 
with a large active area. These requirements can be met 
by the diffraction intensity data-collection system origi- 
nally developed for the time-resolved synchrotron Laue 
experiments by the present authors (Sakabe et al., 1995). 
This system consists of a Laue camera with two cassettes 
of very large radii (430 and 1290mm), large-format flat 
imaging plates (800 x 400 mm 2) and corresponding image 
readers. The system is installed in the bending-magnet 
beamline 18B at the Photon Factory, and can also be 
used for Weissenberg data collection with a monochromatic 
X-ray beam when the high-speed rotary shutter is held 
open (Watanabe, Nakagawa, Adachi & Sakabe, 1995). Here 

Journal of Synchrotron Radiation 
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Timed diffraction in rotation geometry 
 
During crystal rotation in a monochromatic X-ray beam, each reciprocal lattice point (RLP) hkl 
satisfies the diffraction condition at a different angular setting of the crystal, ϕ, and a different 
time, as it traverses the Ewald sphere. Thus it exhibits what we denote timed diffraction, a 
unique feature of rotation geometry depicted in Figure 2.3.2.2.2.a.  Traditional, polychromatic 
Laue diffraction from a stationary crystal lacks this property, since relative motion of the 
crystal/reciprocal lattice and the Ewald spheres is not required.  In rotation geometry, the crystal 
and its reciprocal lattice rotate at a constant angular speed ω and cause each reciprocal lattice 
point (RLP; black dots in Figure 2.3.2.2.2.a) to satisfy its Bragg diffraction condition as the RLP 
crosses the Ewald sphere.  As a result, Bragg diffraction from each RLP takes place at a 
predictable time point t and over a time interval Δt.  Δt denotes the time resolution and is 
determined largely by the volume associated with each RLP (see below for a more detailed 
discussion).  The time point t is given by τ /ω, where τ is the angle rotated between the shutter 
opening and the crossing of the Ewald sphere by that RLP (see the arrow in Figure 2.3.2.2.2.a).  
It is obvious that Bragg diffraction from each RLP occurs at a different time point t.  We propose 
to exploit this feature of timed diffraction for time-resolved crystallographic studies, that seek to 
measure structure factor amplitudes |F(hkl, t)| over all the unique volume in reciprocal space 
and at all desired time points during the course of a structural reaction. 
 
In an ideal case, reaction initiation (thus defining t = 0) occurs during an X-ray exposure 
sufficiently long to cover the entire structural reaction.  During the exposure, the crystal rotates 
with a constant angular speed ω.  A large angle Φ, say tens of degrees, may be swept out 
before the exposure ends.  An integrating area detector such as a CCD could capture the single 
diffraction image arising from this long exposure, which would also give rise to a high 
background.  Alternatively, an MMPAD detector (Section 2.3.2.2.1.1) could be used to record 
the long exposure in several consecutive images or sub-exposures, each with a lower 
background (but subject to the inter-frame dead time in such a detector of 1 ms).  To span the 
entire unique volume of reciprocal space and the complete time range, many such long 

exposures would be required, with fresh 
crystals at different orientations used where 
appropriate. 
 
The above description applies to a strictly 
monochromatic X-ray beam.  We name this 
method of data collection monochromatic 
large angle rotation geometry (LARG).  If 
instead a quasi-monochromatic beam from a 
multilayer monochromator is used, we name 
it quasi-monochromatic LARG; and if a 
narrow bandwidth pink beam is used, we 
name it Laue rotation geometry (LRG).  All 
three are very similar to each other, except 
that the X-ray sources used differ in 
bandwidth and therefore flux.  The maximum 
allowable rotation speed of the crystal is 
limited by the available X-ray flux (in the 
absence of mechanical constraints; see 
below for a description of such constraints).  
This means that quasi-monochromatic LARG 

Figure 2.3.2.2.2.a   A schematic drawing 
of reciprocal space in rotation geometry. 

t =τ/ω
Φ
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could achieve better time resolution than monochromatic LARG, and LRG could achieve the 
best time resolution of all rotation geometries. 
 
The LARG and LRG methods are similar to the large-angle oscillation technique (LOT) 
proposed earlier by Helliwell and colleagues (Weisgerber and Helliwell, 1993), although LOT 
was proposed as a means to survey a large volume in reciprocal space in one image and not as 
a means to exploit timed diffraction. Notice the essential difference between the LARG/LRG and 
LOT: a rotation, not oscillation geometry is essential to preserve the feature of timed diffraction. 
Oscillation geometry is permitted in the LOT case. 
 
Monochromatic and quasi-monochromatic large angle rotation geometry (LARG) 
 
We illustrate a preliminary LARG experiment with a 30-degree exposure that yields a high 
quality diffraction image (Figure 2.3.2.2.2.b).  The unit cell of this bacteriophytochrome crystal is 
108 Å × 108 Å × 190 Å, a respectably large cell (Section 2.3.3.1.8).  The signal-to-noise level is 
sufficiently high and the spot separation sufficiently large that this image and similar images can 
be successfully processed. Given our past experience of Laue image processing, often a more 
challenging task, we are confident that LARG images of this quality are suitable to produce 
good data for structural analysis. 
 

 
 
 
Figure 2.3.2.2.2.b A 30° LARG image from a bacteriophytochrome crystal showing adequate 
spot separation.  The crystal was rotated about a horizontal axis.  The inset is a blow-up of the 
boxed region in the main image, and illustrates the excellent spot separation. 
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Figure 2.3.2.2.2.c Four-dimensional data distribution of a conventional, pump – probe Laue 
experiment. Three-dimensional reciprocal space is collapsed into a single dimension (the 
vertical axis) and the 4th dimension of time is shown as log t (the horizontal axis). 

 

 
Figure 2.3.2.2.2.d Four-dimensional data distribution of four simulated LARG experiments.  
Axes as in Fig. 2.3.2.2.2.c. The four LARG exposures are obtained with different angular 
speeds of rotation.  The red and cyan dots represent two different reflections and their 
symmetry-related observations. 
 



Laue and LARG comparison 
 

 Laue LARG 

Source polychromatic monochromatic 

Crystal motion motionless large-angle rotation 

Time resolution ultrafast (~150 ps and > 150 ns) fast (ms) 

Time point discrete, programmable continuous, random 

Background high high 

Detector integrating integrating, photon counting 

Suitable system reversible irreversible 
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