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D uri ng t he last 10 years the rate of new protein stru ctures deter mined by
X -ray crystallograp hy has risen about tenf old . T he use of high Ûux sources
w as instrumental in this grow th. T here are numerous advantages of using
synchrotron radiatio n for protein crystallog raphy : rapid data collecti on , use

of micro- crystals and the ability to conduct measurements at w ide range
of w avelengths. T he rate- limiti ng step is often the abili ty to analy ze and
back up a fast stream of data pro duced by a multi- mo dule CC D detector.
T he goal of the new ly develop ed H K L-2000 package is to integrate all com-

putational activities that have to be perf ormed during the data collectio n
experiment. T he Graphical C ommand C enter of H K L- 2000 organizes and
forw ards the data collection parameters to the display , indexin g, strategy ,

simulation, reÙnement, integration, scaling, and merging tasks. Data acqui-
sition can become a part of data pro cessing (or vice versa), w hich includ es
indexin g, integration, scaling, and even phasing. T he increase in internet
band w idth w ill pro vide an opp ortuni ty to remotely interact w ith the ex-

p erimental setup and p erform the synchrotron exp eriment from the home
lab oratory .

PAC S numb ers: 61.10.N z, 87.15.A a

1. I n t rod uct io n

D uri ng the last 10 years, the rate of new protei n structures determ ined by
X -ray crysta l lography has ri sen about tenfold [1]. The use of hi gh Ûux sources
wa s instrum enta l in thi s growth [2]. The fracti on of protei n structures reported in
Sci ence, N ature and C el l , obta ined wi th the use of synchro tro n radiati on increased
from 35% in 1993 to over 90% in 2001 (Fi g. 1) [3]. There are num erous adv anta ges
of using synchro tro n radiati on f or protei n crysta l lography whi ch incl ude:
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a) rapi d data col lection tha t al lows for fast crysta l screening, col lection of high
resoluti on data and hi gh thro ughput of pro jects,

b) the abi l i ty to use micro -crysta ls,

c) the abi l i ty to conduct m easurements at a wi de range of wa velengths in order
to maxi mi ze the anomalous signal .

Fig. 1. The usage of synchrotron facilitie s as rep orted in selected scientiÙc j ournals in

the year 2000.

The rate-l imi ting step is often the abi l i t y to analyze a fast stream of data pro-
duced by a m ulti -mo dul e CCD detecto r [4]. E£ cient data analysis changes the
pro tei n crysta l lography experim ent as the data collecti on is a part of a pro cess
tha t incl udes indexi ng, integrati on, scal ing, and phasing. In thi s appro ach, the
Ùnal resul t of experim ent is a hi gh qual i ty electron densi ty map tha t pro vi des as-
sura nce tha t the exp eriment was successful . The expected result of e£ cient data
col lecti on/ pro cessing is not onl y high-thro ughput crysta l lography but also reduc-
ti on of the ẽ o rt needed to pro duce protei ns and grow crysta ls of su£ cient qual i ty
for structure soluti on. Thi s appro ach wi l l becom e an essential part of the structura l
genom ics e˜o rt.

2 . Ex p er im ent

A typi cal protei n crysta l lography experim ent sounds very sim ple: a sing le
crysta l is placed in the beam and an X- ray di ˜ra cti on pattern is recorded as a
series of images whi le the crysta l is ro ta ted thro ugh the angul ar range, su£ cient
to record desired compl eteness. In pra cti ce, exp erimenters use compl icated exper-
im enta l proto cols wi th a goal of col lecting opti m al data for phasing and/ or re-
Ùnement [5, 6]. These proto cols are often designed on the experim enter ' s previ ous
exp erience wi th the parti cul ar beam line and ta ke into account beaml ine hardwa re
l im ita ti ons. For instance the lack of col l ision m aps qui te often l imi t the use of the
kappa goni ostat to a sing le-axi s operati on and addi ti onal axes are used onl y for
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crysta l recovery. For tha t reason most of the 63 synchro tro n beam l ines (HK L Re-
search, pri vate com munica ti on) wo rk wi th a sing le-axi s goni ostat despite the clear
adv anta ge of a 3-circl e system . The single-axi s goniostats simpl if y the experim en-
ta l proto cols but at the expense of the overa ll data qual i ty and com pleteness. In
addi ti on, the separati on of data acqui siti on from data backup and analysis m akes
opti mal data col lecti on much m ore di £ cul t, as the editi ng of the script Ùles ta kes
m ore ti m e tha n the collecti on of a ful l data set. In pra cti ce, the experim ent tends
to be designed around the detecto r, beam l ine hardwa re, and com puti ng resource
l im ita ti ons.

3. H K L -2 000

The goal of the newl y devel oped HKL- 2000 package [4] is to integ rate al l
computa ti onal acti vi ti es tha t have to be perform ed duri ng the data col lection ex-
perim ent. The Graphi cal Co mm and Center (G CC) of HKL- 2000 organi zes and
forwa rds the data col lection param eters to the displ ay, indexi ng, stra tegy, simu-
lati on, reÙnement, integrati on, scal ing, and m erging ta sks. D ata acqui siti on can
become a part of data pro cessing (or vi ce versa), whi ch includes indexi ng, integ ra-
ti on, scal ing, and even phasing.

The Com mand Center consists of three components: a data base, a tra nsi ti on
state engine (a set of rul es tha t deÙne possibl e ato mic changes of the data base), and
a Graphi cal User Interf ace (GUI). It is based on the idea of a sing le data base tha t
stores al l the inf orm ati on about data processing and data collecti on. The data base
is a dyna m ic one; i t can describe not only the data al ready col lected, but also
tho se being col lected and even tho se planned or considered to be col lected. Each
data entry step or pro gram executi on step, incl uding the data col lecti on pro gram,
induces a change in the data base. One of the m ain functi ons of the GUI is to
pro vi de user input and edi ti ng of the data base. The com plexit y of the data base
requi res the creati on of a hierarchi cal access to the inf orm ati on.

The GCC is worki ng in multi -group mode where uni f orm series of di ˜ra cti on
im ages form one 3D group. There is no lim it on the numb er of 3D groups and in
the case of non-uni form i ty in the series (e.g., found duri ng data analysis), the 3D
group can be spli t into two or m ore smal ler 3D groups. The smal lest 3D group can
consist of one im age. At the m oment the only l im ita ti on is the assumpti on tha t a
set of 3D groups have an a pri ori kno wn relati ve orienta ti on. In practi ce, i t m eans
tha t data were col lected from one sam ple at one site wi th potenti al ly di ˜erent
setti ngs of goni ostat, data col lection axi s, crysta l tra nsla ti on, detecto r positi on,
detecto r m ode (e.g., binned/ unbi nned), or exposure level.

The coordi nati on of al l phases of the experim ent al lows for auto m ati c up-
date of al l sta ti sti cs and reports when new data are col lected. The uti l izati on of
intera cti ve experim ents in whi ch data analysis is done onl ine make i t possibl e to
adj ust the data col lection stra tegy to guarantee the desired resul t, parti cul arl y
wi th regard to data com pleteness and detecti on of anom alous signal (Fi g. 2).
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Fig. 2. T he â
2 vs. resolutio n plot of merged (orange) and unmerged (blue) anomalous

pairs for typical Se-Met experiment p erformed on ID- 19 beamline at Structural Biology

C enter at A rgonne. Black and red lines represent R -factors for merged and unmerged

anomalous pairs, resp ectively .

Even for frozen crysta ls, radiati on damage on hi gh bri l l iance beaml ines se-
verel y l imits the qual i ty and quanti ty of inf orm ati on tha t can be measured f rom
each crysta l [7]. The radiati on dam age can be determ ined by evaluati ng real ti m e
changes in scale and B -facto rs and m ay al low for fast deri vati on of the opti mal
stra tegy to m inimize the to ta l dose of X- rays. The problem of e£ ci ent exp erimenta l
design is solved by calcul ati ng the compl eteness as a functi on of start and range
of the phi angles to be col lected. From such a functi on the user is able to identi fy
opti mal start angles for the desired coverage. In the future, stra tegy pro gram wi l l
have an opti on to incl ude a previ ously col lected data set to identi fy opti mall y
smal l sector needed to com plete m easurements of al l uni que reÛections.

HKL- 2000 diagnosti c to ols can m oni to r the perform ance of exp erimenta l
system . D uri ng the integ rati on stage, there are several to ols tha t may m onito r
crysta l slippage. Even more to ols are provi ded for the data scal ing stage. By
observi ng scale factors one can detect poor crysta l al ignm ent. The other to ols
pro vi de inf orm ati on about X- ray shutter m al functi on, spindl e axi s al ignm ent, and
interna l detecto r al ignm ent. The Ùnal insp ection of outl iers m ay again pro vi de
valuable inform ati on about the detecto r qual it y. The clusteri ng of outl iers in one
area of the detecto r may indi cate a dam aged surface. If m ost outl iers are parti als, i t
m ay indi cate a problem wi th spindl e backlash or shutter contro l . The zoom m ode
m ay be used to display the area around the outl iers to identi fy the source of a
pro blem (the existence of a satel l i te crysta l or sing le pixel spikes due to electro nic
fai lure, for exampl e).
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4. Exp er im ent al pr ot oco ls

The Graphi cal Comma nd Center of HKL- 2000 pro vi des contro l over al l
phases of the experim ent:

a) crysta l evaluati on and al ignm ent,
b) setup of experim ent,
c) runni ng the data col lection,
d) experim ent moni to ring ,
e) data processing,
f ) data archi vi ng.

The exp erim ent can be sim pl iÙed by the design of pre-deÙned experi menta l pro to-
cols for di ˜erent cl assesof pro jects. The GCC pro vi des defaul t values and ranges
for reasonabl e input values and stati sti cal output. The user interf ace al lows for
overri ding these defaul t values and even al lows for input of unrea sonable values,
in the latter case wi th wa rni ng and conÙrmati on by the user. The defaul ts should
be good enough for most pro jects and close to opti mal for di£ cul t pro jects. Thi s
system is based on heuri stics deri ved from autho rs experience and when ful ly im -
pl emented it wi l l becom e the expert system tha t leads the experim enter thro ugh
the whole process. The expert system wi l l also al low for exp erimenta l proto col
tem pl ates. Thi s may al low the auto mati on of pro jects tha t involve large numb ers
of simi lar crysta ls (i n drug design and di scovery, for exam ple). The expert system s
should have a large im pact on the rel iabi l i t y of results, as they wi l l catch pro blems
tha t can be missed in current routi ne analysis.

5 . Au t om at ion

The f ul ly auto m ated data col lecti on facil i ty for pro tei n crysta l lography re-
qui res the system tha t wi l l auto m ate, contro l and coordi nate the f ollowing acti vi -
ti es:

a) crysta l changing and al ignm ent,
b) beam l ine opti mizati on,
c) absorpti on edge m easurement,
d) sam ple evaluati on and data integ rati on, merging, and scal ing,
e) phasing.

There are several groups, incl udi ng comm ercial com panies, whi ch are wo rki ng on
auto mati c crysta l changing and al ignm ent hardwa re and softw are [8]. Onl y a slight
increase in tem perature is observed duri ng the tra nsfer pro cess, so the sampl e
always rem ains at a low tem perature.

Several synchro tro n beam l ines are worki ng on auto m ati c beam l ine opti m iza-
ti on and auto m atio n of the absorpti on edge m easurements. However, to the kno wl -
edge of the autho rs of thi s paper, there is no worki ng system tha t wo uld al low for
interpreti ng the absorpti on scan and auto m ati cal ly selecting energies requi red for
m ulti wavelength anom alous di ˜ra cti on (MAD ) exp eriments.
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The new version of HKL- 2000 wi l l be able to auto m ati cal ly score the crys-
ta l qual i t y (m osaic spread, resoluti on, etc.) and hence wi l l al low for rapi d and
auto mati c crysta l screening. There wi l l be two m odes of operati on:

a) Selecti on of the best crysta l from the set in cryo-storage.
b) Ful l data col lection on the Ùrst crysta l tha t wi l l meet pre-deÙned qual i ty

cri teri a.
Af ter the crysta l is selected, the system wi l l start auto m ati c data col lection

accordi ng to predeÙned experim ental pro to col (Fi g. 3). The Graphi cal Com mand
Center wi l l al low for descripti on of com plex data col lecti on proto cols encountered
in high-preci sion measurements.

Fig. 3. T he strategy /simulati on w indow of H K L- 2000 in full automatic mode. T he

experimental parameters are chosen from the set of data being the result of experiment

simulation.

W e assume tha t in the future 80% of the data wi l l be col lected in auto m ati c
m ode. The rem aining 20% wi l l be collected over the internet wi th the use and help
of the expert system .
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6. R em ot e ( over int ern et ) dat a col lect ion

The increase in internet band wi dth and in parti cul ar the arri val of the
internet- 2 wi l l pro vi de an opp ortuni ty to rem otel y intera ct wi th the exp erimenta l
setup and perform the synchro tro n experim ent from the hom e laborato ry . The
exp erimenter wi ll use the sam e graphi cal contro l program s tha t wi l l coordi nate
al l crysta l lographi c data col lection and pro cessing steps. The acti vi ti es insi de the
exp erimenta l hutch coul d be supervi sed (again over the internet) by a cam era
pl aced cl ose to the experim ental system . The data wi l l be auto mati cal ly tra ns-
ferred to hom e com puter. Remote data col lection wi l l requi re a fast netwo rk, but
in fact, the current internet connecti on between the Uni versi ty of Vi rg inia and the
Arg onne Nati onal La borato ry al lows for real -ti m e data backup over the internet.
The rem ote data col lecti on may be the pref erable mode for the exp erimenter un-
der the condi ti on tha t auto m ati on of sam ple m ounti ng and al ignm ent wi l l work
im peccably.

The proto typ e of the rem ote data col lection system is used routi nely at the
Uni versi ty of Vi rg inia.
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