How to go MAD at CHESS

Marian Szebenyi

S0, you are a macromolecular crystal-
lographer and have crystals of an nfer-
esting protem. You know you can get a
setof native diffraction data, but phasing
1sa problem. You can't do molecular re-
placement because this i= a brand new
protein, and you haven’t been able to
find any usable isomorphous heavy atom
denvatives. However, you can make a
mor-isomorphous derivative, or you
kmow you can get cloned proten incor-
porating selenomethionine - looks like a
case for MAD (multiple wavelength
anomalous diffraction).

First question: is MAD phasing fea-
sible for this system? In order for MAD
phasing to be successtul, the signal from
the anomalkus scatterers must be suffi-
aently large relative to the total scatter-
ing from anomalous plus non-anomalkus
scatterers. The anomalous signal from
each heavy atom depends on what that
atom 15, and you must also consider the
available x-ray flux at the wavelength of
the appropriate absorption edge. At the
CHESS F2 station, with the standard Si
(111} monochromator arystals, the range
of possible energies is 7- 25 keV (18 - 05
A). This allows use of the K edges of ele
ments 26 - 46 (including Fe, Cu, Se, Br,
et or the LT edges of dements 64 and
up (including Hg, Pt, U, some lan-
thamades, etc ). The total signal depends
on the number of (well-ordered) anoma-
lous scatterers as well as on their nature.
As an example, consider a 100 residue
protein contaimng 2 % atoms. The total
mumber of electrons is appmximately
5200, Of this, the two seletium atoms
contribute 68. The single-wavelength
anomalous (Bipvoet) signal depends on
the imaginary component of the scatter-
ing factor, £, while the multiple-wave-
length (dispersive) signal depends on the
difference in scattering factors at the two
wavelengths, £{1H(2). These factors
vary with the environment of the Se at-
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oms, but typical vahes are at most 3.7
and &6 eectmons, respectively [1], assum-
ing sutable selection of wavelngths.
The resulting ratio of anomalous signal
to total structure factor may then be cal-
culated according to the method of
Hendridkson [2], and 15 at most 40 for
the Bijvoet and 3.5% for the dispersive
case. Table 1 gives the masamum number
ofresidues per heavy atom for a reason-
able signal (e 3% Byvoet differences
and 2% dispersive differences) from
some representative anomalous scatter-
ers, using { and £ values determmed m
protan cystals. Your crystals may have
a larger £, and you may be able to get
useful information from a smaller sgnal,
if you are very careful in collecting data,
but this table 1= a good place to start in
decding whether a MAD experiment is
likely to succeed.

Because the MAD signal is so small, it
15 especially important to minimize er-
rors in intensity measurements, This
means: wse your best arystals, freeze
them, and be careful in selecting data
collection pammeters. It is worth spend-
ing comsiderable time optimizing crystal-
hzation and freezing comditions (before
coming to CHESS, of course ). During
data collection, select each crystal care-
fully and optimize exposure time, osdlla-
tion range, ete. for it - see article on “Effi-
cient Collection of Oscillation Data”
starting on page 48.

Before going to CHESS. Having de-
oided to attermpt a MAD expeniment at
CHESS, follow the usual procedures to
request beam time. Aswith any expen-
ment involving heavy atoms, you must
mclude a “Heavy Atom Compounds
Declaration” describing the type and
amount of heavy atom compounds that

you will be bringing. The small amount
of heavy atoms present in the aystals
themselves or in a few malliliters of milli-
molar spak solutions pose no hazard and
o administrative complications beyond
supplying the Declamtion. If you expect
to bring concentrated stock solubons of
toric compounds (not recommended but
oocastomally necessary |, you will ako
need to complete a “Hazardous Materi-
aks Declaration”. See the heavy atom
guidelings included in the standard
CHESS proposal package for more detail.
You will need a sample containing
your heavy atom for taking reference en-
ergy scans [see below). Check with
CHESS first to see if there 1s an appropni-
ate sample on hand; if not, make one up
and bring it along. A smple and satisfac-
tory method i to sandwich a pinch of
powdered matenial e mercunic acetate
for a mercury sample) between two
preces of x-ray transparent sticky tape
{Kapton tape is good), and mount the
sandwich in aslide mount. The area cov-
ered by the powder should be at least a
centimeter or so square, so thatits easy
to be sure that the x-ray beam is passing
thmugh it. If you are binging a eference
sample comtaining tovic material, such as
amercury compound, be sure to include
iton the Heavy Atom Compounds and
Hazardous Matenak Declarations. If you
think you might need to make up an-
other sample while at CHESS and are
bringing a bottle of material to do so, in-
clude that also. When you are at CHESS,
handle any reference sampls you bring
with came - label them, try not to spll
them (know how to clean them up safely
if you do spall them ), and don't bring any
muore than necessary in the first place.
Energy scans ate essenthial to select

Table 1. Maximum Amino Acid Residues per Heavy Atom for Good MAD Signal

Heavyatom  Absorption edge Maximum Mazimum  Max. no. residues
i af’ per heavy atom
Fe 1744 & (K) £0 175
e om0 K (K) 3.7 66 ey
Eir 0020 & (K) 34 55 5
Hg 1009 & (L-1IT) 102 133 &40
u 0,719 K (LTI 14 154 240
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the energies [wavelengths ) atwhich to
collect data and to check for drifting of
the monochromator dunng the expen-
ment. These are taken by scanning the
monochromator through the approprate
energy range and monitoring the x-ray
fluorescence from the sample. CHESS
staff will set the station monochmmator
atthe absorption edge of the eement you
am using; scans may then be easiy per-
formed in the vicimity of this energy . Ref-
erence samples containing high comcen-
trations of commonly used elements are
prvided (see above for how to make
your awn if you are using something un-
usual). The reference sampk is mounted
in the front of the hutch; the “refscan”
command moves it into the beam, scans
the energy over arange of about 40 eV
(spedfied using the “madsetup” com-
mand), lists and plots the resulting fluo-
Tescence spectrum, moves the sample out
of the beam, and resets the energy to its
inital value. Reference scans are nm pe-
miodically during the expeniment to
check, and if necessary recalibrate, the
monochromator. In most cases, you will
aleo want to take an energy scan on your
crystals, and this 1s where things can get
sticky if you don't plan ahead.

For the crystal scan, you need a large
volume of aystal{s). In order to get the
hest mgnal-to-nmse ratio, the Bicron fluo-
rescence detector should be placed at 50
degrees to both the beam and the spindle
axis, ie. pointng vertically downwards.
If you are freezing crystals and prefer to
have the cold stream coming in from
above, or if there 1s other equipment in
the way, the Bicrom may be moved off
the vertical, but should stay in the plane
defined by the spindle avis and the verti-
cal and should be as dose to the vertical
as possible. [t is not necessary to use fro-
zen crystals for orystal scans, as the envi-
romments of the anomalously scattering
atoms change very hittle on freezmg.
Heme isa good place to use those junky
crystals that are not smtable for diffrac-
tion - pack a bunch of them into a capil-
lary and do a crystal scan with them.
Onece you have a sample in the beam, the
“wtal_scan” command runs the scan and
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outputs the results. Panels a - ¢ of figune
1 show scans across the Se edge. In
panel @ 1= a reference scan taken on a
foil. The scan m panel b was taken using
a medinm-sized crystal wath the detector
poorly pesitioned; the panel ¢ scan used
a large crystal sample with the detector
correctly placed. Panel d of the figure
showsa reference scan for Hg, It is typ-
cal of this element that the L1l edge i=
rather bmad, with no “white line”. Ex-
perimentens have also found empirically
that there 1= very little vaniation in the
edge from one sample to another, so this
15 a case where you may get away with-
out a arystal scan at all, if you are sure
there 1s mercury in the arystal and are
pressed for Hme.

Energy selection.  Select your desired
wavelengths from the crystal scan. For a
4energy experiment, use (1) a pont
slightly below the edge, (2) the inflection
pont of the edge, (3] the top of the
“white ling” peak, and {4) a point about
200 eV above the edge. Fora typcal 3-en-
ergy experiment, omit energy (11 For
some elements, such as He, it may be
better to omit energy (3) instead. In case
of severe ime imitations, useful data
may be obtained using just two energies,
eg. (2} and (3) or (1) and (4). Look at the
f and f* urves for your element (see
Ref. 4 for how to caloulate these curves
from an x-ray absorption spectrum) to
deade what selection of energies wil
give you the best signal in case you can'’t
collect all the data you would hke to. Tt is
generally preferable to have complete
data at fewer wavelngths rather than

partial data at more wavelengths.

Flanning data collection proper.

Geometry. Once you have selected
the wavelengths for data collection, get a
good crystal mounted and determine the
appropriate oscillation range and expo-
sure time. Typical values are 1 degmee
and 1 minute, but these depend heavily
on your parbioular crystal. Deade
whether you will be using “mimor” or
“mverse beam” geometry . In “mirmor”
geometry, anomalous pairs appear on
each image, whereas in the “inverse
beam” case anomalous mates appear on
pairs of images collected with spindle
angles differing by 180 degrees. Mirror
geometry requires the crystal to be one
ented with a mimor plane perpendicular
to the spindle avas. At CHESS, the only
means for getting this orientation is the
use of the ares on the gomometer head,
=0 thatit may not be possible to get a
marror wheme you would like it. Installa-
tion of a kappa axis gondostat will re-
move this difficulty in the future. There
can also be a pmwblem in scaling images
from a preasely onented crystal to-
gether, particularly in the case of a
monochinie crystal of low mosaiaty.
Mometheless, mirror geometry is clearly
preferable in termes of reducing the mm-
ber of exposures and insuring good scal-
mng between anomalous pairs, and
should generally be used when possible,
espedally when another data set 1s avail-
able for scaling purposes.

CCD detector. MAD users at CHESS
usually use a COCD detector. Consider-
ations m your planmng due to the detec-



tor include:

# You will need to take a background
image every time you change the expo-
sure time. This doesn’t take long, but &
irnportart.

# The readout time, including over-
head, is about 30 secomds for the 1K x 1K
detector and about 15 seconds for the 2k
% 2k detector; you must include this time
when caloulating how many exposures
vou take get per hour.

# You need to allow time penodically
to move images off the controlling PC.
This cannot be dome duning data collec-
ton.

# The detector area 1s imited. To get
high resolution data, it may be necessary
to offset the detector, so that the direct
beam position is no longer in the center
of the detector. For mirror geometry, a
vertical offset, i.e. perpendicular to the
spindle, wall stll allow recording of
anomalous pairs on each image; a hori-
zomtal offset will iminate some pars. In
the inverse beam case, corresponding ne-
flections appear in opposite quadrants
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15 also necessary to keep an eye on the
operation of the spindle motor and the
shutter, and of course to halt data collec-
tion if the fill ends prematurely. Refer-
ence scans should be taken at least once
per fill, to check for any monochromator
drifting. Keep up with getting data off
the PC, corrected, and backed up onto
tape. If you have enough people, you can
be processing data on the Alpha comput-
ers while collection isin pogress, just as
for monochromatic data.

Summary of what you need to do
MAD successfully

* A snitable molecular system with

on the paired images, and any offset will
eliminate some of them.

Timing. Data collection proper con-
sists of aseries of energy changes, osal-
lation exposures, and crystal rotations, A
sequence for a Fwavelength experiment
using inverse beam geometry, for ex-
ample, might be:

-go to wavekngth 1, take 5 degrees of
data, rotate crystal -5 degrees,

-go to wavekngth 2, take 5 degrees of
data, rotate crystal -5 degrees,

-go to wavekngth 3, take 5 degrees of
data, rotate crystal (180 - 5= 175] de-
gTees,

-go to wavekngth 1, take 5 degrees of
data, rotate crystal -5 degrees,

-go to wavekngth 2, take 5 degrees of
data, rotate crystal -5 degrees,

-go to wavekngth 3, take 5 degrees of
data, rotate arystal - 180 degrees.

-Repeat untl data set is comiplete,
crystal dies, or fill ends.

Changing wavelengths takes about 30
seconds. The spindle motor takes about 2
mimutes to rotate 180 degrees. Using this

enough expected signal for phasing,

# Cood freezable arystals, and a large
sample fora crystal scan.

# Beam time at CHESS.

* Well-thought out strategy for data
wollection, with contingency plans.

# Careful experimental technique,
with due comsideration for safety.

+ Cood booldeeeping skills.

* A sense of humor to get you
through the mevitable equipment fail-
ures,
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information plus the exposure ime and
detector readout tme, it 15 straight for-
ward to calulate how much data you
can collect in a one hour fill. Figunng
about 18 fills per day, will you have time
to get your data? If not, consider reduc-
ing the mumber of wavelengths or the
resolution, or plan to come back another
e

Monitoring data collection.

You need to monitor the data collec-
tiom - sorry, it's not safe to go out to dine
mer and let the computer do the work. It
15 particularly important to keep track of
the eadillation angles and wavelength for
each image. The CCD just names its data
files in sequence - it has no know kedge of
whether the images are good or bad, and
it doesn't know what the sscilation
range is for an image. It 1s possable to de-
fine macros that will give different
mames to images taken at different wave-
lengthe, but you still need to verify that
image names are correctly matched with
wavelength and csallation parameters. It
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