research papers

Conceptual design of novel IP-conveyor-
belt Weissenberg mode data collection
system with multi readers for macro-
molecular crystallography. A comparison
between Galaxy and Super Galaxy

N. Sakabel, K. Sakabe'and K. Sasaki?

1 Foundation for Advancement of International Science, SBSP
House, KEK-PF, 1-1 Oho, Tsukuba, Ibaraki 305-0801, Japan,
Graduate School of Environmental Studies, Nagoya
University, Furo-cho, Chikusa, Nagoya 464-8601, Japan

installed at BL18B (Watanabe et.al. 1994). In the course of the
study, we found that it is very difficult to develop a generalized
time-resolved Laue method for studying reaction mechanisms
because of the large mosaicity of protein crystals, the inability to
find a suitable trigger and most of protein reactions being
irreversible. It did become apparent, however, that many enzyme
reaction rates in crystals are on the order of seconds to minutes. With
this in mind and considering that most of protein structure analysis is
carried out using monochromatic radiation, it was deduced that
monochromatic time-resolved X-ray analysis would be superior to
the Laue method for the study of enzyme reactions if a reasonably
fast data collection system could be developed.

Galaxy (Sakabe 2001), which was developed and installed at
station BL-6C at the PF, was a candidate instrument for the

successful collection of time-resolved crystallographic data using
Galaxy is a Weissenberg type, high speed, high-resolution an@onochromatic X-rays. The frame exchange rate (8.6deg/sec) was
highly accurate fully automatic data collection system using twoslower than expected, however, due to the inertia of the heavy IP-
cylindrical IP-cassettes each with a radius of 400mm and a width ofassette and the resolution was severely limited by the number of
450mm. It was originally developed for static three-dimensionalframes that could be accommodated on a single cassette. It was
analysis using X-ray diffraction and was installed on bendingnecessary to collect at least two complete data sets on a single
magnet beamline BL6C at the Photon Factory. It was foundcassette because the time to change cassettes was prohibitively long
however, that Galaxy was also very useful for time-resolved proteif4min) for most enzyme reactions and even if a second cassette were
crystallography on a time scale of minutes. This has prompted us tésed, the data were not well matched to those collected in the first
design a new IP-conveyor-belt Weissenberg-mode data collectioftage of the reaction.
system called Super Galaxy for time-resolved crystallography with Thus, we have designed a new data collection system called
improved time and crystallographic resolution over that achievabléuper Galaxy for time resolved monochromatic X-ray
with Galaxy. Super Galaxy was designed with a half-cylinder shapedrystallography. This system would facilitate time-resolved
cassette with a radius of 420mm and a width of 690mm. Using 1.0Atructural analysis with improved time and crystallographic
incident X-rays, these dimensions correspond to a maximumesolution and would be well suited to a high-brilliance third
resolutions of 0.71A in the vertical direction and 1.58A in the generation beamline.
horizontal. Upper and lower screens can be used to set the frame size
of the recorded image. This function is useful not only to reduce the ) ) )
frame exchange time but also to save disk space on the data serverBasic concept of the design of the instrument
The use of an IP-conveyor-belt and many IP-readers make Superi. Why two data sets per crystal?
Galaxy well suited for time resolved, monochromatic X-ray .
crystallography at a very intense third generation SR beamline-!-_he start of a reaction can be. controlled to some degree by the
Here we describe Galaxy and a conceptual design for Super Galafj99er- H(_)wever, once the reaction starts, t_he reaction phase of _each
olecule in the crystal cannot be synchronized. That is, at any given

and compare their suitability for use as data collection system . L X ;
for macromolecular time-resolved monochromatic  X-ray instant, molecules wn!l exist in a range of intermediate state along the
crystallography. reaction pathyvay. Difference Fourier maps between two data sets
collected at different stages of the reaction are useful to detect the
change in structure. There are three different ways in which a
reaction can be stopped. The first is that it is freeze-trap method. The
advantage of this method is that it is possible to stop the reaction at
short time intervals. It is rather difficult, however, to be confident
about small differences in electron density and/or temperature
It has long been believed that X-ray crystal analysis is useful onlyactors because the data derive from different crystals removed from
for static structure analysis and that it has no power to solve dynamite reaction mixture at different time. The second approach is to use
structures. This belief has been changed, however, with the advetiie freeze-trap method on a single crystal, namely, the (freeze-trap)-
and development of synchrotron radiation X-ray crystallography.(melting-reaction) method. This method is rather complicated and it
The group of K. Moffat has seessfully collected a Laue image is difficult to estimate systematic errors inherent to the approach.
from a crystal of myoglobin in just 50psec using the wiggler The third method does not attempt to trap the intermediate states.
beamline ID09 at the European Synchrotron Radiation FacilityRather, two or more data sets are collected successively from one
(ESRF). By this method, nanosecond time-resolved crystallographygrystal during the reaction. This method minimizes any difference in
using laser photolysis of a carbon monoxide complex of myoglobinexperimental conditions between the data to be compared and is,
was achieved (Srajer et.al. 1996). They also showed that the qualitherefore, superior to the above two methods when investigating
of a single-pulse Laue diffraction pattern from cutinase wassmall differences in electron density and temperature factors. It is
sufficient to refine the excited state structure in a reaction pathwagxpected that the existence of an intermediate structure will show up
from a known ground state (Wulff et.al. 1997). as an area of disorder. For example, in the case of a rhombohedral
The authors also started to develop the time-resolved Laugzn insulin crystal, rotation of some of they @loms of A12Ser®
method at the PF in 1988 and constructed a prototype time-resolvas, 180deg around the oS Cp axis is expected to show up as
Laue camera. A large part of this work was begun in 1993 supportegisorder. As described above, the D-Fourier maps are usually used to
by Grant-in aid for Scientific Research on Priority Areas from thestydy intermediate structures. Simulation calculations were
Ministry of Education. A camera incorporating streak type time-performed to study the effect of random errors in the structure factor
resolved Laue and Weissenberg capability (Sakabe et. al., 1995) wa# the peak height ratio between the disordered atom position and
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the most intense ghost peak in the D-Fourier map. In thespowerful detector systems for collecting diffraction data because
simulations the peak intensity of the disordered atom was calculatetthey have a large detection area (450mm wide by more than 20m in
as a number of electrons which gave the occupancy. These resulength), high sensitivity, large dynamic range (-t0der), high
are shown in Fig.1. In a conventional freeze-trap experiment, thaccuracy, reasonable pixel size and flexibility in shape. The major
random error between sets of structure factors obtained from twadvantage of large format IPs for those studies is that several time-
different crystals will be of the order of 10~15% and the R-factordependent data sets can be recorded on the IP and subsequently read
between Fo and Fc will be in the range of 12~18%. If we use as aut. Thus, the time resolution is the time of frame exchange plus the
selection criterion the condition that the peak height ratio (PR)exposure time only and it is not necessary to include the read out and
between the disordered atoms and the most intense ghost peak is Z@asure time. This is the case for both Galaxy and Super Galaxy. Due
an R-factor of 10~15% gives 2.0~3.12 electrons at the disorderetb the large physical area of the IP, a complete set of time-dependent
position, ie, an occupancy of 0.25~0.39 O atoms is needed to detedita image can be stored on a single IP cassette of Galaxy, especially
the disorder. In this method, however, where multiple sets of Fo ar@hen Weissenberg techniques are applied. Super Galaxy can store
collected from a single crystal and all other experimental conditiongven more images on the IP-conveyor-belt before reading.
are the same, the R-factor can be reduced to 1% and as a result, asDue to their physical flexibility, the IPs can be fit readily to a
few as 0.21 electrons can be detected at the disordered positioncylindrical cassette. This is important because diffraction spot on a
10~15 times less than is possible with the freeze-trap method. flat image plane are tangentially extended along frukiréction and
However, in this case the time required to collect a completefor this reason, data a6260 deg are not accurate. With a cylindrical
data set must be short in compare to the rate of structure changenaging surface, however, diffraction spots, especially in the equator
Thus strong X-ray source is need for this method direction, are not affected by thé angle.
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3. Outline of Galaxy

“Galaxy” is a totally new type of fully-automatic, Weissenberg data-
collection system (Sakabe et al. 1997) installed at BL6C (Sakabe,
2000) at the Photon Factory. Galaxy consists of a rotated-inclined

focusing monochromator (Watanabe et. al. 1999), a screenless
Weissenberg-type camera, a pair of cylindrical (400mm radius) IP-
p cassettes in each of which a 450mm x 2513mm [P is fixed, a high
- speed IP-image-reader with five reading heads, an IP-image-eraser
e p incorporating 8 160W sodium lamps and the same number of 30W
fluorescent lamps, a cassettes transportation mechanism, a console
e and a secure, high-speed, dedicated computer network linking the
- beamline with data processing computers and servers. The rotated-
0 a2 inclined focusing monochromator is used because it is very efficient
over a wavelength range. The exposure area on the IP can be varied
using two upper and two lower screens. In this way the resolution
along equatorial axis can be selected in the range of01615.7A

Mumber of electrons
w
5

Drata guality (R-factor %)
Figure 1

The relation between data quality and number of electrons of a target atofoSUMING 1.04 incident X-rays.

versus Peak Intensity Ratio (PR) of the target atom and the highest ghost in

D-Fourier map. The D-Fourier map as a coefficient of [Ft(h)-Fo(h)] is 4. Design of Super Galaxy

calculated using rhombohedral 2Zn insulin data at 1.5A resolution where . . .

Fo(h) is observed structure factors and  Ft(h)=Ft'(h)[1+k(rand-0.5),Although Galaxy is a completely automatic data collection system

Ft'(h)=Fo(h)exp(-)+f[-k'exp(2rihr)+ Kexp(2rihr)], o is phase of Fo, fis  designed for time-resolved macromolecular crystallography with

atomic scattering factor of oxygen including the correction for the monochromatic X-rays, both frame exchange rate and capability of a

temperature factor effect, r and r' are the coordinates of rhombohedral 2Zgingle IP cassette are insufficient data from which a highly refined

insulin A12Ser@ and it's disordered atom which are calculated by structural mode can be derived. Toward the goal of overcoming

180°rotation around & CBaXiS of the Al2Ser, respectively, and k' is the these limitations we have designed Super Galaxy — a powerfu|

OCCgpancy gf the disgrde(rg%atlog WhIiChl is réelgtedhto number of e'gcnogskariﬁstrument that should be installed on a very brillidfitg@neration

rand is random number (0.0~1.0) calculate the program rand, and k= . ; : :

0.04, 0.1, 0.2, 0.4, 0.6 which values closely co);respopnd to R-factor betwee eaanllne In ordgr that the full potentla! of the. instrument be realized.

Ftand Fo of 0, 1, 3, 5, 10, 15%, respectively. A 3 generation undulator .beamhne with a double crystal
monochromator such as those in the PF-AR at KEK or at one of the
other big storage rings would be appropriate.

The design of Super Galaxy is shown in Fig.2. Super Galaxy

The time resolution of this study is determined by the time require&OnSIStS of a support structure, camera, 4 |P-image-readers, an IP-

to record a complete data set. Clearly, this time should be as short nage-eraser employlng.UV-flltered ggdlum and fluqrescent "?‘T"PS’
possible so as to obtain a well defined result. In the selection of gn X-ray generator designed to facilitate a flood field sensitivity

detector system for time-resolved, high-resolution macromoleculaForreCt'Qn‘ an IP-conveyor-belt system (Sak‘?‘be. 1991) a conFroI.Ier
and a high-speed, secure computer communications network linking

crystallography, high sensitivity, large dynamic range and large . .
active area are the most important criteria. While the read out speéHe controller with the data processing computers and data servers.

of a CCD detector is of the order of 1~2 sec per frame, somethin

like 100 frames need to be recorded in order to complete a data s%tl' The support structure

using oscillation method. In fact, very often, due to the limited The support structure consists of a base table and a pair of
dynamic range of the CCD (§0more frames are required. As a quadrant slits (See Fig2, labels 1 and 4) for collimating the beam. A

result, the CCD spends more than 2min on data read out alone befgsgir of position-sensitive ion chamber (PSIC in Fig.2) (Sato et al.
any consideration is given to exposure time. IPs are one of the most

2.2. Why an imaging plate (IP) ?
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1999) are used to detect any spatial instability in the incominghalf-cylindrical cassette and an IP-conveyer-belt The conveyor belt
photon beam and feedback to the quadrant slits 1 which movpasses across the front side of curved cassette, through the four flat
automatically in response. As the aperture of quadrant slit 2 is largdype IP-image-reader heads that are positioned in series and equally
than that of 1, in practice, it is not necessary to move slit 2. separated from each other by the distance corresponding to the
maximum frame length, through the IP-image-eraser and X-ray
exposure section used for correcting for sensitivity variations
" 12 between the readers and for checking the linear response, and back
to the cassette.

13
1P

Readers

IP cassette

Screens to select
IP-conveyor-belt / frame sizeg
o bt

Monocromatic
X-rays — .-H:

uniform exposure Table for

by X-ray generator for Weissenberg

sensitivity correction ‘y

crystal

Beam alignment mechanism
[ Base table

Figure 2 Screens to select

Schematic representation of Super Galaxy viewed from the side. 1,4; frame size
Quadrant slits, 2,3; PSPC, 5; Shutter, 6; Screens to select the frame size, 7,

Removable helium chamber, 8; IP-cassettey-fptation table, and 10-13; ]

Head position of IP-image-readers. Figure 3

Symmetric setting of the screens to select the frame size.
4.2. Camera

The camera includes a stepping-motor-powered beam alignment Super Galaxy has a vacuum line and a pressurized gas line that
mechanisms, the abovementioned PSICs which feedback to thide ®nnected to the back of the cassette via electrically controlled
alignment mechanism, a beam shutter (Fig.2, label 5), a set ofalve to rapidly fix and/or release a section of the IP-conveyor-belt
screens to set the frame size (Fig.2, label 6), a half cylindrical IPto or from the half cylindrical cassette. When the recording of a
cassette (Fig.2, label 8) positioned on the table (Fig.2, label 9) fofliffraction image is finished, the IP is quickly released from the
Weissenberg-mode operation and a removable helium enclosuf@ssette by switching from the vacuum line to the pressurized line.
(Fig.2, label 7) in which are located a collimator, a goniometer, alhe IP-conveyor-belt is then moved on by a distance corresponding
beam stop, a telescope, and a cryo-cooling nozzle. A flow cell anéP length of the exposed frame as fast as possible. Such operations

light source needed also to be installed in the helium enclosure. ~ are successively repeated until either the data recording is completed
or all the available space on the IP-belt is used. In the event that the

recorded images exceed the length that can be accommodated by the
4 |P-reader heads (Fig.2. label 13), the eraser will be automatically
As the IP-cassette is a half cylinder, maximum acceptance angle ésvitch off, and exposure continues until all available space on the
180" corresponding to a crystallographic resolution of & 7Adith IP-belt is used. The images are then read off by the 4 readers. The
1.0 A X-rays. The maximum resolution in the horizontal direction is total number of frames recorded before reading is very important for
1.58A for 1.0 A X-rays. The maximum translation of the cassette time-resolved crystallography as mentioned at the session 2.2. Table
along the oscillation axi® ¢axis) in Weissenberg mode is 100mm. 1 shows the relationship between the opening angle in the equatorial
As many protein crystals diffract to only resolutions lower thdn 2  direction and the maximum numbers of frames that can be recorded
screens are used to limit the frame size and determine the maximuBgfore reading. It is an advantage of the IP-conveyor-belt method
resolution in the equatorial direction. This function is useful tothat the maximum numbers of frames that can be recorded before
reduce unnecessary use of disk space in the data server. Fig.3 shd®ading is proportional to the length of IP-conveyor-belt. This means
an example of how the diffraction image area is selected by the twiat the number of frames can be freely varied to suit a any particular
upper and two lower screens. There are two selection modes for tigxperiment. A linear encoder on one side of the IP-conveyor-belt
exposure area, name|y’ a Symmetric setting (Open ar(g.',eﬂ) determines the absolute pOSItlon of each frame.
and an asymmetric setting (open angle:®+Zig.3 shows an
example of a symmetric setting. In the asymmetric setting, only thé.4. X-ray generator for corrections

ugper;slde d:cﬁéactlonG slpots are re((:jorq:ehdé (l)ne 'Ofthﬂleth major Super Galaxy is equipped with multiple IP-image-readers and the
advan des 0 trl]Jp?(r a%xy comptire_rhm th agxykls ?t 1€I€ affiherent differences in sensitivity between these must be minimized
nho vgnf.o.w.s In the -lglay eam patn. dusf, € bac .dsca .erlngAIangnd normalized for in order to get accurate data. It is also important
the deficit Image problems are removed from consi grathn. SOto calibrate the linear response of each read head output versus X-ray
the frame size can be adjusted freely in the equatorial direction. dose. For this purpose, a uniform exposure device incorporating an
. X-ray generator is installed on Super Galaxy. In order to ensure a
4.3. The IP-image-readers and an IP-conveyor-belt uniform flood field, the X-ray tube is positioned to be more than 1m
In contrast to the movable fully cylindrical IP-cassette andfrom the imaging plate. The X-ray tube can be oscillated along the
transportation mechanism of Ga|axy’ Super Ga|axy emp|0ys a ﬁxeaorlzontal axis Of the COnVeyOr'belt. The dIStance that the X'ray tube

4.2.1. The IP-cassette and set of screens to select a frame size
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moves must be greater than the summation of the width of the IP arSuper Galaxy has many advantages over Galaxy (see Table 2). The
X-ray spot size in the direction of motion. The speed of the conveyobiggest improvement is that the storage capacity limitation of Galaxy
belt progression must be correlated with the oscillation rate of the Xhas been overcome by increasing the available recording area and by
ray tube in order to ensure uniform exposure across the whole IP. Tibe utilization of multiple reading heads. Also, the frame exchange
construct a linear response curve across a dynamic rangé,af 10 speed is about seven times faster than Galaxy and there are no
large range of X-ray dose is necessary. A large range of dose can bassette exchanges. On the basis of the above comparison and given
achieved by adjusting the IP-conveyor-belt speed and the power dfie characteristics of CCD detectors described in 2.2, Super Galaxy

the X-ray generator. A similar type of correction is carried out onis the best system for time-resolved protein crystallography using
monochromatic X-rays. A typical example, time-resolution rdte o

Super Galaxy is 4sec as abovementioned, on the other hand that o
CCD systems are 2min described in 2.2.

Galaxy.

5. Comparison of Galaxy and Super Galaxy

The major advantage of Super Galaxy is the fast frame-exchang@nZ
speed and the image storage capacity before reading. For exampleEﬁz
time-resolution of 12 sec with 4 data sets ( A-setting) or 2 data se%i”
(S-setting) can be achieved for a monoclinic crystal assuming the

following conditions; resolution limit of 1.93A for 1.0A X-rays, an

exposure time for each frame of 1.0sec and a frame exchange rate
60°/ secWhen a zone axis of 140A is aligned to the spindle axis,
horizontal movable distance for the Weissenberg mode is 3.0mm fofhe comparison between Galaxy and Super Galaxy.
1.0A incident X-rays. Taking the coupling constant of the

y
Phre 2

. S Items Galax Super Galax
Weissenberg mode as 5°/mm, then the oscillation angle for eagh Y P Y
frame is 15°, this corresponds to 12 frames in total giving a timef Type of the cassette Movable fully Fixed a half cylindrical
resolution of 12sec. cylindrical
Cassette radius 400 mm 420 mm

Table 1 Cassette width 450 mm 700 mm

The relations between the opening angle,_ setting,_ resolution and_ ma>_<imu indows on the cassetté Every 10 deg Nothing (Quite open for 180

numbers of recorded frames before reading. Horizontal resolution limits} for incident X-rays deg)

1.74A fora=1.0A X-rays, 3.14A foh=1.8A X-rays. The effect of back Strong, Nothing
scattering

Open angle | Setting Resolution limit along Number of Max. 40 angle 180 deg 180 deg
Afor & equator diffraction frames
1=1.0A k=1.8£ Number of frames before 12 frames for (A) 53 frames for (A)

25 deg A 231A 4.16 62 frames reading 6 frames for (S) 26 frames for (S)

30 A 1.93 3.48 53 (1.9A resolution with Fixed

40 A 1.46 2.63 36 10A X

40 s 2.88 5.18 36 0A X-rays)

60 A 1.00 1.80 26 Frame exchange speed 8.6 deg / sec 60 deg / sec

60 S 1.93 3.48 26 -

90 A 0.71 1.28 17 Weissenberg (Z) 10mm 100mm

90 S 1.34 2.41 17

120 S 1.00 1.80 9 IP transportation method  IP-cassette is IP-conveyor-belt

180 S 0.71 1.28 8 transferred

Speed of IP Cassette exchange 4 | IP-conveyor-belt max.
transportation min speed; 1,000mm / sec

A" Asymmetric setting,’S Symmetric setting

N of reading heads

Parallel 5

Series 4 (or more)

For a crystal of higher symmetry, the oscillation angle to be

Method of reading

IP-cassette rotation

Conveyor belt translatio

covered is smaller and as a re§ult the time required to rec_qrd Range Sor3-106 Toro-16
complete data set is shorter for given set of experimental conditionsg. (X-ray photons)
Table 2 shows a comparison between Galaxy and Super Galaxy Reading time 9 min (5+4) 3min

6. Conclusion

Method of erasing

IP-cassette rotation

IP-conveyor-belt transla

Super Galaxy is a fully automatic Weissenberg data collectior
system with a half cylindrical cassette using an IP-conveyor-belt
Galaxy has two fully cylindrical IP-cassettes. As many as 5~10
times more reflections can be recorded on a single frame by usi
the Weissenberg method compared to the oscillation method. Thus

the number of frames per data set for an orthorhombic crystal using/ork on Galaxy was supported by JSPS under the research support
the Weissenberg method was estimated to be only 4 for openingrograms ‘Research for the Euture’. JSPS-RETE96R 14501

angle being 40° using S setting. (Sakabe,N., et.al. (2001)). That i

Speed of erasing

A few sec

A few sec

| X-ray generator (sealed
tube, Cu target) power

30kV, 1mA (fixed)

30kVv, 1,2,3,4,5,6,7,8,9,
0 0

10, 15, 20, 25, 3
45, 50 mA

g

with a frame exchange speed of 60°/sec, a data set can be recorded in

4sec with Super Galaxy and all images can be read out after
maximum nine sets of time-resolved data have been collected &¢ferences
shown in Table 1. Another advantage of both Super Galaxy an
Galaxy is that they use a sheet of IP which has a large dynamic ran
(10°), very wide active area that facilitates the speed collection o
time-dependent data sets to very high crystallographic resolution.1276-1281

gakabe,N. (1991). Nucl. Instr. and M&tB03. 448-463

The appearance of Super Galaxy will open a new frontiers in
ymology especially in irreversible reactions, namely, electron
ymology and bio-nano-chemistry. The design of Super Galaxy
be completed by October 2003 and construction will take two
ears after funding has been granted.
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