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Protein structure determination has benefited significantly from the focus on high through-
put methods required by the NIH Protein Structure Initiative (PSI). As part of our efforts related
to PSI activities, we have established a state-of-the-art X-ray diffraction facility at the University
of Georgia (UGA) with a design goal of providing X-ray characterization (cell constants and dif-
fraction limit) for at least 100 protein crystals per day. In addition, a novel parameter space
screening approach for optimizing the phasing and structure determination process has been
developed at UGA, which dramatically speeds up the structure determination process. To-
gether these components form an extremely efficient and versatile structure determination

pipeline.

The system described above has been used for de novo structure determination associ-
ated with ongoing structural genomics activities, including the determination of three struc-
tures in four days from crystals briefly soaked in gold and mercury solutions.

1. Introduction

From gene expression to the final structure,
the determination of a protein structure is a
lengthy and costly process. The Southeast Col-
laboratory for Structural Genomics (SECSG) [1]
similar to other PSI-1 centers [2] has developed
high throughput pipelines [3-6] for all aspects
of the gene-to-structure process that have sig-
nificantly reduced the time and cost associated
with protein structure determination [7].

A key component of the SECSG pipeline is
the Rigaku ACTOR (Automated Crystal Transfer,
Orientation and Retrieval system) that allows
for unattended crystal characterization (mosaic-
ity, diffraction limit and unit cell parameters) of,
and/or data collection on SECSG targets. The
ACTOR, a refined version of the crystal mounter
originally developed by Abbot Laboratories [8],
is the first commercially available turnkey sys-
tem for unattended crystal characterization and
data collection. Since its introduction in 2002,
both industrial and academic laboratories, in-
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cluding several synchrotron beamlines at the
Advanced Photon Source (USA), SRS Dares-
bury (UK), Diamond Light Source (UK) and
SOLEIL (France) have adopted the system.

There are several advantages provided by an
efficient crystal mounting system capable of un-
attended operation, the most important being
the ability to screen and characterize a large
pool of crystals to find those of exceptional dif-
fraction quality. Another important application
is in drug discovery [9] where high throughput
data collection on potential drug candidates
complexed with their target protein is required.
Finally, there is intense interest in the synchro-
tron community in using robotics and automa-
tion to increase experimental throughput by re-
covering beam time currently lost to manual
crystal mounting and for remote data collection
in conjunction with FedEx programs [10].

The ACTOR system as implemented at
SECSG can characterize approximately 108 crys-
tals per day in a normal 40 hr workweek and has
proved to be invaluable for (1) evaluating hits
from the initial crystallization trials, (2) evaluat-



Fig. 1. A photograph of the ACTOR/Saturn92 system at UGA used in the experiments described. Briefly, the system
consists of an FR-D Cu rotating anode, Osmic CMF15-50Cu8 (MaxScreen) optic, AFC9 goniometer, ACTOR automounter

and Saturn92 detector.

ing results from the crystal optimization process
and (3) for determination of optimal cryoprotec-
tant concentrations [11]. This reduces the time
and effort required for data collection, both in-
house and at the synchrotron, since data will be
collected only on those crystals that have the
‘best’ chance of producing a structure.

In addition to crystal characterization, the
SECSG ACTOR system has been used for SAD
(single wavelength anomalous diffraction)
structure determination from crystals briefly
soaked in solutions containing millimolar
amounts of bromine, gold, iodine, mercury and
platinum compounds [12, 13]. In one high
throughput study, three de novo structures
were determined in four days [14] using SAD
data collected using the ACTOR screening sys-
tem and the SECSG SCA2Structure pipeline [4].
These experiments will be described in detail
below.

2. Experimental Setup

The SECSG ACTOR system installed at the
University of Georgia (Fig. 1) consists of a
Rigaku FR-D rotating anode generator (0.15 mm
cathode running at 50 kV and 80 mA), MaxScreen
(CMF 15-50Cu8) confocal optics, AFC9 (quarter
¥) goniometer, automated xyz goniometer head
(Oceaneering Space Systems), Saturn92 CCD
detector, X-Stream 2000 cryocooler and a six
axis ACTOR sample mounter similar to the in-

4

strument installed at IMCA-CAT, Sector 17 APS.
All screening/data collection operations were
carried out using the CrystalClear/Director
(Rigaku) program suite. The resulting data sets
were indexed, integrated and scaled using
HKL2000 (HKLResearch).

Structure determination was carried out using
parameter space screening within the SECSG
SCAZ2Structure structure determination pipeline
[4]. The SCA2Structure pipeline (Fig. 2) utilizes
a BioPerl [15] workflow management system
and combination of crystallographic programs
(SHELXD [16], SOLVE/RESOLVE [17], ISAS [18],
DM [19], SOLOMON [20], ARP/wARP [21], and
REFMAC [22]) to fine-tune the computational
aspects of the structure determination process.
SCAZ2structure spawns hundreds of jobs that
run in parallel on the SECSG 128 node Linux
cluster, with each job having a slightly different
set of program input parameters (e.g. SOLVE
resolution, RESOLVE resolution, number of
sites, space group, etc). Upon completion of the
SCA2Structure run a set of Web-based tools
parses out the key data items (e.g. resolution
used by SOLVE/RESOLVE, number of residues
fitted, Z score etc.) from the hundreds of log
files produced, ranks the results and presents
them to the user in tabular form for review.

3. Diffraction Characterization
An important milestone in the structure deter-
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Fig. 2. A schematic diagram showing the components of the SCA2Structure pipeline. Input to the SCA2Structure
pipeline is made via a dictionary generated Web input form. A Bioperl-based (http://www.bioperl.org) workflow manager

manages the job creation/submission process using use
jobs then run in parallel on a multi-node Linux cluster. U

r supplied data and a library of crystallographic programs. The
pon completion of the run, a set of Web-based tools parses out

the key data items needed by the crystallographer and presents them in tabular form that can be easily sorted or filtered

via a web interface. For more details see Liu, et al., 2005 [

mination process is the production of diffraction
quality crystals (crystals with diffraction that
meets or exceeds the minimum resolution re-
quired by the experiment). In general, crystal-
lization conditions are optimized to push the dif-
fraction resolution as high as possible. This op-
timization process requires real-time characteri-
zation of crystals for their diffraction quality
to be productive. In this area ACTOR excels.
At SECSG, the ACTOR/DIRECTOR system de-
scribed above routinely screens between
300-400 crystals during the week prior to a syn-
chrotron data collection trip to identify the
“best” crystal candidates for each target under
study. For screening, the crystals are harvested
using a loop of appropriate size [23], and flash
frozen in LN, as they are loaded into the ACTOR
magazines. The magazines (holding 12 crystals)
are then loaded into the ACTOR Dewar for
screening. During the screening process, the
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4].

crystal under study is automatically retrieved
from the Dewar, transferred to the goniometer
and centered using a loop as guide. Two images
are recorded at w=0° and 90°. The crystal is
then indexed based on the two images and re-
turned to the Dewar. The cycle time for the en-
tire mounting, centering, recording and index-
ing process is, on average, 10minutes. Al-
though recipes within DIRECTOR can be used to
rank crystals, SECSG researchers prefer to visu-
ally inspect both the images and the indexing
logs to arrive at a ranking.

ACTOR prescreening of crystals at SECSG has
been instrumental in increasing the productivity
of synchrotron trips where the time generally
used to screen crystals in the past can be used
for more productive experiments. For example,
using prescreened crystals and the SCA2Struc-
ture pipeline, SECSG researchers were able to
solve five de novo crystal structures on-site at



SER-CAT (Sector 22, Advanced Photon Source,
Argonne National Laboratory) during one 24-
hour data collection run [24] (details will be
published elsewhere).

4. Cryoprotectant Optimization

Flash cooling techniques are widely used by
crystallographers to the reduce radiation dam-
age to proteins during X-ray data collection.
The flash cooling technique usually involves the
use of cryoprotectants, such as glycerol, to sup-
press ice formation during the flash cooling
process. Studies by Garman [25] and others
have shown that the optimization of cryoprotec-
tant concentration and solution osmolarity
matching can lead to better data quality in
terms of mosaicity and resolution resulting in
better structures. Again, ACTOR is ideally suited
for automated cryoprotectant optimization;
SECSG researchers have developed a semi-au-
tomated screening procedure for optimizing
cryoprotectant concentration using the ACTOR
system described above.

In this application, a series of cryoprotectant
solutions are made with the cryoprotectant con-
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L
18% Glycerol - 20% Glycerol

centration ranging from 5% to 40% in 5% incre-
ments, using precipitant solution taken from the
well that produced the crystal under study. A
sample of each cryoprotectant solution is then
harvested using the cryoloop technique and
flash frozen in LN, as it is loaded into the
ACTOR magazine. Once the series has been
loaded, the cryoprotectant solutions are then
screened for their diffraction characteristics
(presence of ice rings and overall background in
the image) using ACTOR (see Fig. 3). The opti-
mum cryoprotectant mixture is judged to be the
one that produced an image having no ice rings
and the lowest background variation across the
image [25]. Once the best conditions are deter-
mined from the initial screen, the conditions
can be fine tuned as illustrated in Fig. 3.

Using this approach, UGA researchers have
developed a cryoprotectant database against
the eight commercial crystallization screens cur-
rently in use at SECSG [11] a paper describing
the details of this work is in preparation.

! e
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Fig. 3. A series of images collected during a cryoprotectant optimization experiment using glycerol concentrations
ranging from 5% to 40%. Analysis of the average background across the image indicated that a glycerol concentration
between 20-25% was optimal. The bottom row shows a fine screen within this range.
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5. High throughput Structure Determina-
tion

Although well suited for rapid crystal screen-
ing, ACTOR can also serve as a high throughput
structure determination platform both for indus-
try [9] and academics [14]. To test the through-
put of an automated in-house data collection
system, SECSG researchers have used the in-
strument described above to carry out high
throughput SAD structure determinations on a
number of structural genomics targets. These
tests include the determination (an easily inter-
pretable electron density map with over 50% of
the sequence fitted) of three (Cth-393, Cth-899
and Pfu-403030) de novo structures over a four-
day period, which are described in more detail
below.

Cth-393 - Clostridium thermocellum ORF 393
encodes a 12.7 kD protein initially annotated as
a HIT family hydrolase. Cth-393 was cloned, ex-
pressed and purified using standard SECSG
protocols [6, 26]. Crystals of Cth-393 were
grown at 291K by vapor diffusion (2 uL sitting
drops) by mixing 1 uL of protein solution (pro-
tein concentration ~10 mg/mL) with 1 uL of pre-
cipitant solution consisting of 100 mM Tris/HCI
buffer pH 8.5 containing 500 mM potassium hy-
drogen phosphate and 100 MM ammonium hy-
drogen phosphate. For data collection, crystals
were derivatized by the addition of one grain of
KAuU(CN), to the crystallization drops and incu-
bating the mixture for 30 minutes. The deriva-
tized crystals were then harvested, cryopro-
tected (30% v/v glycerol in the precipitant solu-
tion), flash cooled in LN, and loaded into the
ACTOR magazine. The crystals were then
screened manually and ranked based on their
diffraction characteristics. Data to 2.8 A (see Fig.
4a) was then collected overnight on a crystal
measuring 80X80X150 microns, which was
deemed best from the initial X-ray characteriza-
tion. The details of the data collection are given
in Table 1.

Although the data was of marginal quality
(Rsym=16.0%), the resulting structure factors
and sequence were input to the SCA2Structure
pipeline. Based on the 4 gold sites identified by
SOLVE, RESOLVE was able to fit 131 of the 228
residues (57.4%) present in the asymmetric unit
(see Fig. 4b). The initial RESOLVE model was
then completed (XFIT [27]), refined (REFMAC
[22] and validated (Procheck [28] and MolPro-
bity [29]) in under a week (see Fig. 4c). A higher
resolution 2.3 A data set was later collected at
SER-CAT and used for the final refinement. A
manuscript describing the structure in more de-
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Table 1. Experimental parameters for the three exam-
ple datasets.

Protein Cth-393 | Cth-833 | Pfu-403030
Figure 4 5 6
Molecular weight (kD) 12.7 134 20.2
Number of residues 114 114 176
Anomalous scatterers Au Hg Hg

Crystal
Space Group P4,22 P2, P2,
a(A) 78.8 45.48 78.97
b (A) 78.8 52.16 106.71
c(A) 114.9 51.08 84.81
B 92.4 117.5
Molecules per asymmetric unit 2 2 3

Data collection
Step size (°) 0.5 0.5 0.33
Number of images 360 680 1200
Scan Range (°) 180 340 360
Mosaic spread (°) 0.69 0.68 1.02
Exposure time (sec) 20 15 10

Data reduction
Data resolution (A) 2.80 2.28 2.69
Completeness of data 99.8 88.7 96.5
Redundancy 13.9 6.5 6.2
<llo> 20.7 31.59 23.48
Rsym (%) 16.0 5.7 8.5

Structure solution
Number of sites 4 3 6
Phasing resolution 2.3 2.6 3.2
Modification resolution 2.8 24 2.8
Total time (min) 110 150 95

Refinement
Resolution (A) 2.3* 2.3 2.26*
R-factor 27.9 20.9 20.1
Rfree 32.6 26.7 24.6
R.M.S.D Bond lengths (A) 0.017 0.015 0.018
R.M.S.D Bond angles (°) 1.329 1.200 1.461
PDB ID 1XQU 1XMA 1XX7

*Reported structure refined from higher resolution data collected at SER-
CAT, Advanced Photon Source, Argonne National Laboratory.

tail is in preparation.

Cth-833 - Clostridium thermocellum ORF 833
encodes a 13.4 kD protein initially annotated as
a transcriptional regulator. Cth-833 was cloned,
expressed and purified as described above.
Crystals of Cth-833 were grown at 291K by the
microbatch under oil (Al's Qil) technique using
1uL drops containing equal volumes of protein
solution (protein concentration ~10 mg/mL) and
a precipitant solution containing 8.5% v/v iso-
propanol, 10% w/v PEG 4000, 15% v/v glycerol
in 0.085M Tris/HCL pH 8.5. For data collection,
crystals were derivatized by the addition of one
grain of mersalyl acid (o-[(3-Hydroxymercuri-2-
methoxypropyl)-carbamoyllphenoxyacetic acid)
to the crystallization drops and incubating the
mixture for 2 hours. The derivatized crystals
were then harvested, flash cooled in LN, (no
cryoprotection was necessary), loaded into the
ACTOR magazine and screened for their diffrac-
tion quality as described above. A data set to
2.3 A resolution (see Fig. ba) was then collected
overnight on the best crystal from the screening



(b)

(c)

Fig. 4. (a) A representative diffraction irpage from the Cth-393 data collection showing the marginal quality of the
diffraction pattern. (b) A section of the 2.8 A experimental ISAS-phased electron density map for Cth-393 contoured at
1a with the refined coordinates for the structure superimposed and (c) a ribbon drawing of the Cth-393 structure (PDB

entry 1XQU) colored (blue to red) by sequence number.

that measured 100Xx100X100 microns. The de-
tails of the data collection are given in Table 1.
Based on the 4 mercury sites identified
(SOLVE) during the SCA2Structure run, RE-
SOLVE was able to fit 186 of the 228 residues

(81.8%) present in the asymmetric unit (see Fig.
5b). The initial RESOLVE model was then
quickly completed, refined and validated to give
the final model (see Fig. 5c¢) as described previ-
ously. A manuscript describing the structure in
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(a)

(b)

Fig. 5. (a) A representative diffraction image from the Cth-833 data collection showing the quality of the diffraction
pattern. (b) A section of the 2.4A experimental RESOLVE-phased electron density map for Cth-833 contoured at 1o with
the refined coordinates for the structure superimposed and (c) a ribbon drawing of the refined Cth-833 structure (PDB
entry 1XMA) colored (blue to red) by sequence number.

Vol. 23 2006



(a)

Fig. 6. (a) A representative diffraction image from the Pfu-403030 data collection showing the quality of the diffrac-
tion pattern. (b) A section of the 2.8 A experimental RESOLVE-phased electron density map for Pfu-403030 contoured at
1 o with the refined coordinates for the structure superimposed and (c) a ribbon drawing of the refined Pfu-403030 struc-

ture (PDB entry 1XX7) colored (blue to red) by sequence number.

10 The Rigaku Journal



more detail is in preparation.

Pfu-403030 - Pyrococcus furiosus ORF 403030
encodes a 20.2 kD protein which is annotated as
a conserved hypothetical protein. Pfu-403030
was cloned, expressed and purified as de-
scribed above. Crystals of Pfu-403030 were
grown at 291K by the vapor diffusion method
using 2 uL sitting drops made by mixing 1 uL of
protein solution (protein concentration ~10 mg/
mL) with 1 uL of precipitant solution consisting
of 30% v/v PEG 2000 MME pH 4.6 containing
0.2M ammonium sulfate and 0.1 M ammonium
acetate. For data collection, crystals were de-
rivatized by the addition of one grain of mer-
salyl acid to the crystallization drops and incu-
bating the mixture for 3 hours. The derivatized
crystals were then harvested, flash cooled in
LN, (no cryoprotection was necessary) and
loaded into the ACTOR magazine and screened
for their diffraction quality as described above.
A data set to 2.69 A resolution (see Fig. 6a) was
then collected overnight on the best crystal
found during screening that measured 150X
150150 microns, see Table 1).

Using the SCA2Structure pipeline 6 mercury
sites were identified by SOLVE and based on
these sites RESOLVE was able to fit 498 of the
528 residues (94.3%) present in the asymmetric
unit (see Fig. 6b). This model was then quickly
completed, refined and validated (see Fig. 6¢) as
described above. Data were later collected to
higher resolution at SER-CAT resulting in the re-
ported 2.26 A structure. A manuscript describ-
ing the structure in more detail is in prepara-
tion.

6. Conclusions

The ACTOR system at UGA has proven to be
a valuable tool for high throughput crystal
structure determination. In its role in crystal
characterization, it has screened thousands of
crystals over the last three years resulting in
considerable savings in synchrotron beam time
since only those crystals that cannot be charac-
terized in-house are screened at the synchro-
tron. In addition, although beamline automation
is becoming more common, which makes effi-
cient screening at the beamline a real possibil-
ity, the disconnect between harvesting crystals
at home, getting them to the beamline, and
waiting your turn in the queue makes this ap-
proach less attractive WHEN compared to a
dedicated in-house system, such as the ACTOR.
The same can be said for screening for heavy
atoms/anomalous scatterer incorporation since
these activities generally require real-time feed-
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back to be successful.

As described above, the ACTOR has also
proven to be a useful tool for the optimization
of cryoprotectant conditions, which can lead to
better quality data. The ability to easily setup
the cryoprotectant screen and have ACTOR au-
tomatically carry out the data collection makes
this approach very attractive not only for high
throughput studies but also for screening and
optimizing cryoprotectants for those crystals
that are sensitive to cryoprotectant choice
and/or cryoprotectant concentration.

We have also shown that the ACTOR system
can be used for high throughput de novo struc-
ture determination using SAD data when cou-
pled with a high performance structure determi-
nation engine such as SCA2Structure. The
throughput in the study reported here was lim-
ited by the fact that the manual ranking was
used and that crystals were available from only
three targets. It should also be noted that we
generally separate the data collection for phas-
ing purposes from data collection for high-reso-
lution refinement, which is generally carried out
at SER-CAT. This approach avoids making com-
promises that either effect signal-to-noise ratio
of the phasing data or in the recording of reflec-
tions at high-resolution.
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