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Abstract

Electron crystallography of 2-dimensional protein
crystals combines el ectron diffraction with high resolution
imaging of the crystalsto cal cul ate an el ectron density map.
However, high resolution imaging is still associated with
many technical problems whereas the registration of
diffraction patterns to high resolution is less demanding.
The ability to retrieve phase information from diffraction
patterns with heavy atoms, as in X-ray crystallography,
would therefore open up new vistas. Thus we have
investigated both theoretically and experimentally the use
of heavy atom labelling. Model calculations show that
substituted heavy atoms affect electron diffraction
intensities and that anomalous dispersion and multiple
isomorphous replacement (MIR) are indeed potential
techniques for phase determination. Since the expected
changes are small the intensities of electron diffraction
patterns have to be measured with sufficient accuracy. For
thin catalase micro crystalswefind that significant difference
Patterson maps can be obtained if sensitive electron
detectors and zero-loss energy filtering are used. Heavy
atom derivative diffraction patterns have been recorded
which show significant changes from native protein
diffraction patterns.
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Introduction

Although electrons are much more suitable than X-
raysfor structure determination of very small protein crystals
(Henderson, 1995; Appendix), the standard method for
protein structure determination at near atomic resolution
still isX-ray crystallography. Only threemembrane proteins
have been structurally described at molecular level by
electron microscopy (Henderson et al., 1990; Jap et al ., 1991,
Kihlbrandt et al., 1994; Grigorieff et al., 1996). Electron
crystallography ishampered by fundamental methodol ogical
problems such as: (i) the growth of suitable 2D crystals, (ii)
the determination of phase information at high resolution.
One possible solution to the latter problem isthe adaptation
of X-ray crystallographic methodsfor phase determination
toelectron crystallography, i.e., the application of themultiple
isomorphous replacement or anomalous dispersion. Inthese
approaches phase information is no longer obtained by
imaging but by the evaluation of differencesin diffraction
patterns caused by substituted heavy atoms. Therefore,
the problem of imaging with near atomic resolution is
converted into the registration of diffraction patterns with
high accuracy. This should be advantageous since high
resol ution diffraction patterns are more easily obtained than
comparableimages.

Thisalternative method for phase determination has
been studied by Ceska and Henderson (1990) who cameto
the conclusion that in their case data of sufficient accuracy
were not available. However, the use of new techniques
such as improved detection devices or the removal of the
inelastic background by energy filtering yields more
accurate data. Herewe present anew evaluation of thelimits
on signal detection set by the basic physical processes.
This is compared with new experimental data on the
detection of single heavy atoms in protein crystals to
demonstrate that phase determination by multiple
isomorphousreplacement (MIR) isnow feasible.

Scattering Theory and Physical Limits
on Heavy Atom Effects
Electron diffraction

Theinteraction between electrons and the specimen
can be described in wave formalism as the modulation of
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theincident wave, i.e., the exit wave can be written as

Pr)=a(r) exp(igr)) ¢y(r) @
where ) (r) = incident planewave, a(r) = absorptionterm,
¢ (r) = phase shift, ¢ (r) being proportional to the crystal
potential.

The functions a(r) and ¢ (r) can be derived from
the Schrodinger equation, which, after Fourier transfor-
mation, may bewritten asaset of non linear equations (for
aderivation see, e.g., Cowley and Moody, 1957).

In principle, this set of equations has to be solved
for the scattering potential knowing the scattering
amplitudes and phases (dynamical scattering theory).
Unfortunately, in general thisis not possible. However, if
the crystal is thin compared to the extinction length the
problem simplifies (kinematic approximation) and the
scattering potential can be calculated as the Fourier
synthesis of the complex diffraction pattern or vice versa.

In the case of electron diffraction from protein
crystals one records the diffraction pattern of the protein
crystal in order to cal cul ate the el ectron density map of the
proteinwhichis(for light atoms) approximately proportional
to the potential of the specimen. This procedure presumes
thevalidity of thekinematic approximation for the specimen
under investigation. For two-dimensional (2D) protein
crystals, only negligible deviations from the kinematic
approximation are observed. However, caution is necessary
for three-dimensional (3D) protein crystals. Specimen
thickness, specimen density, unit cell dimensionsand crystal
mosaicity all influence the limiting thickness for the
kinematic approximation. Thereforefrom theory aloneitis
almost impossible to predict the behaviour of aspecimenif
its structure is unknown. For this reason an experimental
check isvery helpful. Such aroutine experimental procedure
has now been developed using energy filtering techniques
[described elsewhere (Burmester et al., in preparation)].
Relevant results are given below.

Electron scattering

For phase determination the Z-dependence of the
atomic scattering factors f(0) is important. For electron
scattering, f(8) of a Coulomb Potential is given by (cf.
guantum mechanical textbooks, e.g., Messiah, 1976)

- y P2
f(8)= Kan2(d2) exp(2i go-iysin<(42) (2
y=(Zem/(h2m*k (©)

where 6 describes the scattering angle, k the wave vector,
and g, the total scattering cross section (e and m denote
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electron charge and mass, h denotes the Planck constant).
Note that f(8) is complex and that [¥(6)[] as well as the
phase of f(6) depends on the atomic charge e*Z.

Note that:

(a) for electrons the atomic scattering factor f(0) is not
simply proportional to theatomic number asitisfor X-rays
since the screening effect reduces the increase of L(8)[]
with atomic number. Therefore, the average effect of a
substituted heavy atom on the structure factor is smaller
for electrons than for X-rays.

(b) f(B) iscomplex for al elementsand for al wavel engths,
therefore one observes anomal ous dispersion and deviation
from Friedel symmetry. For so called “weak phase objects’
(e.g., light atoms) it is possible to apply the Born
approximation and to obtain real atomic scattering factors.
Thus one does not observe anomal ous dispersion for light
atoms. However, the Born approximation cannot be used
for atoms of high atomic numbers, instead other
approximations have been developed (WKB method,
Wentzel, Kramer, Brillouin; muffin tin model). From these
approachesaswell asfrom experiments complex scattering
factorshave been determined (Zeitler and Olsen, 1967; Raith,
1968; Reimer and Sommer, 1968; Haase, 1968; seed so | bers
andVainstein, 1962).

Multiplel somor phousReplacement (MIR) and
AnomalousDispersion

The phase problem can in general be solved by using
heavy atom derivatized crystals (see e.g., Watenpaugh,
1985). For each set of Bragg indiceshkl the structure factor
of the native form F is compared with that from a heavy
atom derivativecrystal Fon

These (complex) structurefactorsarerelated to each
other by

F.=F +F, @

where F, isthe structure factor for the heavy atoms alone.
[F, Uand [F areavailableexperimentally from difference
Patterson maps and the value of the (vector) F, can be
calculated.

In order to calculate F, it is necessary to know the
positions of the heavy atoms, which may be found by
deconvoluting the heavy atom Patterson function
(autocorrelation function). An approximation to the
Patterson map of the heavy atoms alone is obtained by
calculating the Patterson map of the differences between
theamplitudes of the derivative crystal and the native crystal

AP(r) = (V) 2

hkl

(IF |- IF )?cos (2rtr) ®
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Zoray electrons
resolution range M A H+«E N A N «<B
w504 7 6% 10.8% 1 6% 2.4%
S04 354 10.1% 14.3% 33% 4 2%
354 254 17.2% 27.1% 6 0% 9 0%

Table 1. Comparison of the crystallographic R -factor for electron and X-ray scattering intensities LFLP of simulated
diffraction data: N = native catal ase tetramer, A = Hg-derivative at position ' C’' (Murthy et al., 1981), B = Hg-derivative with
two heavy atoms bound at positions‘A’ and ‘C’ (Murthy et al., 1981).

Alternatively one can determine the coordinates of the heavy
atomsby using their anomal ous scattering (Rossmann, 1961).
Assuming that only the heavy atoms have a complex
scattering factor and that all other atoms have real atomic
scattering factors, one can write the atomic scattering factor

asf(0) = f'+if". The structure factor can then be written as

Fo= > f exp(2rihi) +i> " £ (exp2zihr))

i i ©

Now consider a structure with light atoms, which show a

negligible anomal ous scatterering, giving riseto astructure

factor F,(N). In addition, there are afew heavy atomswith

strong anomalous scattering, with a non anomalous
component and the anomalous component

F' (H)=i(f"/f") F (H) )
Thetotal structure factor will be F,. Then we get
CF" ()= (v4) (OF O- OF, 0 (G

henceaPatterson map with coefficients (LIF, LFLF  [)?will
be equivalent to aPatterson map with coefficients LF" (H)[P

whichisproportional to L, (H)[P. Thiswill beaPatterson
map with vectors between all anomal ous scatterersand can
thus be used to find the heavy atom positions. Knowing
the positions of the heavy atoms, the value of the (vector)
F. can becalculated by triangulation in the complex plane
(Harker construction).

However, one needs to be able to detect small effects.
Therefore wefirst estimate what the effect of heavy atoms
will be on the Friedel-symmetry (using the crystall ographic
R-factor Rsym) and onthediffraction intensiti%(ngge). For
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the discussion of the anomalous dispersion one has in
addition to check first, whether the assumption that only
the heavy atoms can be treated as anomalous scatterers
and the light atoms as real scatterersisvalid for electron
diffraction. As second point one has to estimate the effect
of heavy atoms on the Friedel symmetry R_ .

Modée Calculations

To quantify the effects of MIR and anomalous
dispersion molecular structure factors have been calculated
using complex atomic structurefactors (Rose, 1977) for both
theknown atomic model of catalasetetramersin the case of
R e and astatistical model protein (625C, 1950, 175N, 3
S, and 2P atoms; randomized atomic coordinates, see Table
2 and Figure 3 for details) in the case of Ry Table1gives
the expected magnitudes of effectsexpressed in the crystal-
lographic R-factorsR____ asameasure of the similarity of
diffraction patterns.

Theeffect of heavy atom substitution on diffraction
intensities has been calculated by Crick deriving general
formulasfor theintensity changes depending on the atomic
scattering factors (Crick and Magdoff, 1956). Theserelations
are applicableto electron diffraction, the expected effect is
for electrons about a third of that for X-rays (cf. atomic
scattering factorsfor electronsand X-rays, e.g., International
Tables). As is shown in Table 1 the same effect can be
observed in the crystallographic R-factor.

To estimate the effect of anomalous dispersion, the
molecular structure factors of a model protein with 1000
atoms have been calculated for X-raysand electrons. Table
2 givesthe deviation from Friedel symmetry intermsof the
crystallographic R-factor Rym

Note that the effect of the anomal ous scattering for

merge
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resolution range

o 504 S0& 354 358 2354 o 154
protein (1000 stoms) 0.77% 0.34% 1.28% 0.90%
protein+ 1 Hg 4.87% 6 69 % 0 26% 6 33%
protein+ 2 Hg 2 56% 11.55% 1520% 10.90%

Table 2. Friedel symmetry R_ -factor as calculated from simulated diffraction intensities taking into account anomalous
scattering. As*“protein” atypical distribution of C-, O-, N-, S-, and P-atoms was used (1000 atoms using randomized position
coordinatesin a50x50 A2 projection area; 625 C, 1950, 175N, 3S, 2P).

electron diffraction is higher than in the case of isomor-
phous replacement (cf. Table 1). Thisisin contrast to X-
rays, which in general show aweaker multiple anomalous
diffraction signal compared to MIR. In fact, the nature of
the anomal ous scattering is completely different for X-rays
and electrons. Inthe case of X-raysatoms show anomal ous
dispersion only if the X-ray energy is close to that of
absorption edges. In contrast to that, in the case of electrons
all atoms show anomalousdispersion at al electron energies.
However, light atoms as weak scatterers have negligible
complex scattering factors, i.e., proteins composed of light
atoms only are well described by the Born approximation
leading to real scattering factors. Only when heavy atoms
are added - as for a possible phase determination -
anomal ous dispersion will be observed (cf. Table 2, native
vs. Hg derivative).

Comparing ngge—factors between X-ray and electron
diffractionfor MIRitisobviousthat utilizing MIR in electron
diffraction will be moredifficult thanfor X-rays. However,
to judge the feasahility of this approach it is necessary to
take into account not only the average criteria Rym and
R e but also the expected absolute and relative intensity
changes for X-ray and electron diffraction when adding
single heavy atoms. Corresponding results for the above
model calculations are shown in Figures 1 and 2: Adding
heavy atoms to a protein structure leads for both X-rays
and electronsto changeswhich arealmost identical intheir
characteristic behaviour. Note that in both cases the
changes show a wide spread of relative changes to more
than 200%, while the average behaviour in R-factors (cf.
Table 1) gives only a change of about 4-6% [electron
microscopy (EM)] and 10-17% (X-ray). The expected
differences should be detectable in the EM case since
especially the weak Bragg intensities, which could cause
statistical problemsin their accurateintensity measurement,
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show the highest relative changes, whereas small relative
changes are more frequent for the well defined, high
intensity Bragg reflections.

Experimental Approach

Inthis section we present datafrom thin 3D catalase
crystals as model system. We are reporting data on the
limiting thickness for kinematic scattering, on detection
accuracy, and on the need for classification of diffraction
patterns according to crystal absorption and isomorphism
to avoid systematic errors. Finally, the first results on the
detection of single heavy atoms are presented. The dataare
presented in detail elsewhere (Burmester and Schréder, in
preparation; Burmester et al., in preparation).
Materialsand M ethods

A suspension of bovineliver catalase crystals (Serva,
Heidelberg, Germany; 61312 U/mg) was centrifuged and the
pellet then dissolvedin20% NaCl, 0.04% NaN,. The catalase
solution wasdialyzed against a30 mM phosphate-buffer at
pH 6.3. Every 12h a quarter of the buffer was replaced by
pure water. After afew days crystals appeared, as judged
by the silkiness of the solution. After 4 days the dialysis
was stopped and the crystal suspension was stored at 4°C.

Heavy atom derivativecrystals. Crysasinthecrysa
suspension were allowed to sediment, then the solvent was
removed and replaced by a5 mM phosphate buffer at pH
6.3. Thebuffer contained S0 mM K, PCl, for the Pt derivatives
and 0.05mM HgCl, for theHg derivative. Thecrystalswere
soaked for 30 min (Pt derivative) or for 3h (Hg derivatives),
then applied on acarbonfilm grid and flash-frozeninliquid
ethane.

Soaking conditionsare similar to the conditions used
by Murthy et al. (1981) so that reproducable heavy atom
binding to the catalase tetramer can be assumed. The
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Figure 1. Comparison of intensity change
distributions for electrons and X-ray
diffraction. For each hkl the expected
diffraction spot intensity was calculated
using the catalase tetramer coordinates as
“native” and the Hg-derivative at position
‘C’ (Murthy et al., 1981) as “derivative’
(grey bars). Adding a second Hg atom

1.0 leads to larger relative changes for both
X-ray and electron scattering (positions
‘A’ and ‘C’ of Murthy et al., 1981, black
x.rays bars).
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Figure2. Comparison of intensity change
distributions for electrons and X-ray
diffraction. Asin Figure 1 diffraction spot
intensitieswere calculated using the native
protein and a single Hg-derivative. (a)
shows the absolute intensity changes vs
the diffraction spot intensities, (b) shows
the relative intensity changes vs the
diffraction spot intensities. Note that the
overall characteristics of the heavy atom
effect is quite comparable. In the case of
X-raysthe averaged effect isabout 3 times
larger than for electrons.
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intensity in a.u.

intensity in a.u.

differences in soaking time follow from the higher
accessability of the potential binding sites by diffusion for
the thin microcrystals used here as compared to the thick
macroscopic crystals used for X-ray studies.

All electron diffraction patternswere recorded using
aLEO (Oberkochen, Germany) EM 912 Omegaat 120keV
electron energy. Specimenswere held at atemperature of -
170°Cinthe EM using an Oxford Instruments (Oxford, UK)
Cryo Transfer System CT3500Z. In the case of zero loss
filtered images and diffraction patternsthe energy width of
the filter was set to 25 eV. The exposure was carried out
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under low dose conditions with a dose of 2 e/A2 For
diffraction patternsthe cameralength was 2900 mm, using
anillumination aperture of 0.04 mrad. All diffraction patterns
wererecorded on Fuji Imaging Plates (Fuji Photo Film Co.,
Osaka, Japan). The Imaging Plateswere scanned at a pixel
resolution of 37.5 * 37.5 um? using the scanner described
by Burmester et al. (19944).

All computer processing was done using a set of
new programs developed for a Convex C2 (Convex,
Richardson, TX) and Silicon Graphics (SGI, Mountain View,
CA) workstations.
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m Ela gatcan o et va-Las cd Lo NN,
0.1 14.7% 8.2% 3.9%
0.03 & 0% 3.5% 1.8%
0.023 39% 2.4% 0.7%

Table 3. Diffraction intensities from thin and thick catalase crystals classified according to three significance levels (a=0.1,
0.05 and 0.025 in the t-test). Compared are the sums of significantly changed Bragg diffraction intensities and the intensity
changes as percentage of the total intensity. N: number of significantly changed diffraction spots, N : total number of
diffraction spots in a complete pattern, | ; total intensity in a complete pattern. Comparison of the two columns shows that
stronger diffraction spots dominate the overall changes. This can be explained by the higher signal to noise/background ratio
of such spotsleading to ahigher significancein thet-test. However, at the 5% level for thick crystals (> 150nm), thereisonly
afew % changein intensity. (Number of diffraction patternsin the two classes was 13)

Crystal thickness

As has been discussed above, one prerequisite for
a quantitative evaluation of diffraction patterns is the
validity of kinematical scattering theory together with the
weak phase-object approximation, i.e., the typical sample
thickness has to be smaller than the extinction length.

To determine the validity range of the kinematic
approximation in adirect experiment onewould haveto vary
crystal thickness continuously and to determine the
thickness dependence of the intensities for each of the
Bragg reflections. In this case the kinematic approximation
isvalid aslong asall reflections show the same dependence
on changesin crystal thickness. Thisapproachisvery time
consuming and experimentally almost impossible, e.g., for
2D-crystals. Therefore, it is more appropriate to use an
indirect measure.

Itisassumed that for agiven biological object multiple
elastic scattering can be neglected if thereisno measurable
contribution to the diffraction pattern from the more probable
inelastic-elastic plura scattering. Thisapproximationisonly
valid for light atoms where the inelastic cross sections are
much higher than the elastic cross sections (in the case of
ice-embedded biological objects, cf. Angert et al., 1996). To
show the applicability of the kinematic approximationfor a
given specimen it is thus sufficient to show that multiple
inelastic scattering does not contribute substantially.
Fortunately, the effects of multiple scattering can be
detected spectroscopically, e.g., by the shift of the most
probable energy loss to higher energies, contributions to
Bragg intensities from inelastically scattered electrons
(inelastic-elastic multiple scattering, inelastically filtered
diffraction), or fromtheelectron energy loss (EEL ) spectrum
for each Bragg reflexion asobserved inthe energy dispersive
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planeof an energy filtering transmission el ectron microscope
(EFTEM), thusgiving an easy routine check to validate the
kinematic approximation (Burmester et al., in preperation).

All the above arguments are valid for weak phase
objects (e.g., thin protein crystals) but they are violated if
heavy atoms are added, since these atoms are strong
scattering objects. Therefore, it might be questionable to
use this approach to derivative crystals. However, model
cal culations comparing conventional scattering factorsand
theresultsof using amulti-dlicea gorithm (Dingesand Rose,
1995) show that the error in using the weak phase-object
approximation for derivative crystalsisnegligible. Thisis
illustrated in Figure 3where difference Patterson maps of a
model protein (cf. Table 2) with and without a heavy atom
calculated in thetwo different approximations are compared.
Only minor differences can be detected.

The spectroscopic methods show that a shift of the
most likely energy lossin EEL spectra does not occur for
crystalswith thickness < 70 nm but that ashift isdetectable
for thicker specimens. Thisfindingisin agreement with the
observation of Bragg reflection intensities in inelastically
filtered diffraction patterns (energy loss > 25 eV) for thick
specimens only. Moreover, the same result is obtained by
measuring the spectra of Bragg reflections which were
recorded inthe energy dispersive plane of the LEO EM 912
Omega. These findings show that for crystals with a
thickness < 70 nm the kinematic approximationisvalid.

We have used a further experimental approach to
substanti ate these results. According to the above, acrystal
of thickness < 70 nm obeys the kinematic approximation
and thus can be described as thin. We now compare these
with crystals of 140-175 nm thickness, where dynamic
scattering effects could become visible. Classifying
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diffraction patterns according to the crystal thickness and
averaging Bragg reflection intensities within each group,
one arrives at two average data sets, one for thin crystals
and onefor thick crystals, which arethen scal ed with respect
to each other. Using these data sets, one can apply at-test
between these two average datasetsto find thosereflections
which have significant changes in their intensities as a
function of crystal thickness. Theresults, givenin Table 3,
show that crystal thickness does indeed affect the
intensities. However, only about 2% of the total number of
reflections (typically inthe order of 5000) show asignificant
change. As would be expected these reflections are in
general strong, as can be seen from the fact that their
intensities contribute to 6% of the total intensity. Thus the
overall change of the intensity between the thin and thick
crysta classcontributesonly to 3.5% of the overall intensity
inthediffraction pattern. Sincethe dynamic effects between
crystalsof thickness< 70 nmand 140-175 nmisonly 3.5%
of the overall intensity, the dynamic effect for crystal
thickness < 70 nm should be negligible. This result isin
good agreement with the spectroscopic measurements,
whichindicated that one could treat crystal swith athickness
of <70 nm askinematic scatterers.

Detection accuracy

As has been discussed above the changes in the
Bragg intensities which need to be observed for MIR are
small and the application of the method necessitates high
detection accuracy. As is shown in Appendix 1 the
achievable accuracy of the intensities should be 0.2-0.3%
on average (standard deviation), which is more than
adequate. However, nobody has so far reported such ahigh
accuracy for protein crystals. The reasons for the lack of
accuracy arelikely toinclude: the use of detectorswithlow
detection quantum efficiency; the difficulty of correcting
for background in the presence of the high inelastic
background; and theinherent variability of crystal packing,
crystal order, crystal thickness or absorption contrast
effects.

Asisdescribed in Burmester et al. (1994b) the use
of zero-loss energy filtering to remove the inelastic
background combined with imaging plates (IP) as a high
definition detection system (Burmester et al., 1994a) allows
a significant improvement on the accuracy to which
diffraction patterns can be recorded. One measure for this
accuracy isthe R, ., factor for zero-tilt catalase diffraction
patterns (hOl) WhICh on account of being acentric projection
do not show anomal ous diffraction. Overall factors of about
7% have been obtained. R,mcan drop to 5% for favorable
resolution shells, indicating the potential of the experimental
method.

The fact that at present the patterns were not
classified prior to averaging over patterns from different
crystals is readily observed in the R-factor for merging
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different patterns. Asisdemonstrated in Table 5, the R _ |
factor of individual patternsisstill very high. However, this
factor dropsdramatically if classes of averagesare merged,
indicating that the source of the difference between
individual patternsis not systematic error but arises from
statistical variability in the specimensasisindicated above.
This problem of variability has to be solved by improved
specimen preparation. Thusit will be necessary toincrease
uniformity of crystals in the crystallization process. In
addition, embedding icelayersmust be controlled to reduce
absorption effects. Finally, during data processing,
classification of crystals and diffraction patterns has to be
included.

Discussion:
Islt Possibleto Retrieve Phasel nfor mation by M IR and
Anomalous Scattering Effects?

An answer can be given combining the physical
constraints and the experimental results described above.
One prerequisite for MIR isthat heavy atomsare “ heavy”,
i.e., that thereisan increase of the scattering cross sections
with atomic number Z. It has been argued that screening
effectsin the case of electron diffraction would reduce the
differencesin crosssections. Thisistrue, the effect of heavy
atomsonintensitiesareindeed 3 times smaller for electron
diffractionthan for X-ray diffraction (cf. Table 1). However,
theremaining effect is still adequate. Furthermore, atoms
induce a phase shift of the scattered wave which also
increaseswith atomic number Z. Model cal cul ations showed
that this phase shift gives no significant anomalous
dispersion for native protein crystals, but does induce a
significant anomal ous component for heavy atom derivative
crystals(cf. Table 2).

From these results we conclude that it should be
possible to use MIR and anomalous scattering for phase
determinationin electron diffraction. It isshown in appendix
1that even for micro crystalsthetheoretical statistical limit
on accuracy is better than 1% (standard deviation). This
has to be compared with the expected changes from MIR
(Tables 1 and 2) of the order of 5 % - 10%. In an ideal
experimental setup with no noise and no background MIR
should work well even for microcrystals. Thus, it is
necessary to consider the real experimental situation with
its sources of signal degradation.

Ceska and Henderson (1990) showed that there are
considerable problemsin achieving an accuracy as high as
expected from Poisson statistics. Possible reasonsfor their
difficulties could have been limitations in the detection
process and the high background signal dueto inelastically
scattered electrons. Recently, new detection techniques
have overcomethelimitations of negativefilm asadetector.
Moreover, energy filtered microscopes now offer the
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Figur e 3. Difference Patterson maps of amodel protein (1000
atoms, 50x50 A2 area, 1 A thickness) with and without one
heavy atom (Hg) ascal culated (a) usingamultidiceagorithm
without the assumption of weak phase scattering factors
(Dinges and Rose, 1995) and (b) using vector sums over
weak phase scattering factors. Shown is the unit cell
Patterson map P(x 0.5, £ 0.5, 0). Note that there are no
changes in the maxima positions indicating the validity of
theweak phase object approximation.

possibility of removing the high background level due to
inelastically scattered electrons. Using a combination of
imaging plates and zero energy loss electron diffraction we
have obtained diffraction patterns with much higher
accuracy as measured by the statistical factors Rym (Table
4 and R, (Table5, last column). This accuracy should
aready be sufficient to allow one to observe the effects of
added heavy atoms (cf. Tables 1 and 2) and indeed a first
result has been achieved: there are significant changesin
the electron diffraction patterns between native catalase
crystals and Hg and Pt derivatives as shown in Figure 4.
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Figure 4. Details of catalase electron diffraction patterns
recorded from frozen hydrated samplesat 120 keV electron
energy using Imaging Platesat aLL EO EM 912 energy filtering
TEM (original data, no background subtraction or
averaging). (a) native crystals, (b) Hg-derivative, and (c) Pt-
derivative. The arrows indicate the (h0OO) direction, the
arrowhead points to the (14,0,1) order which corresponds
in the detail shown to ca 3.5A resolution. Note the
differences in the diffraction patterns which prove to be
significant at 5% t-test level.

Asisdescribedin detail el sewhere (Burmester et al .,
in preparation) therelativeintensity changesseenin Figure
4 can be quantified and tested for their statistical
significance. Inthesetestsit becomesclear that theintensity
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resolution range
=254 =504 S0& 354 358 254
7 7% 7 0% 7 2% 2 .5%
7 0% 5.1% f.3% 16.0% *

Table 4. Crystallographic R,
details as described in text).

-factor of two typical diffraction patterns (frozen hydrated catalase crystals, experimental

resolution range M =20 M=20 H=2
w . 504 20.9% I28% 2 4%
504 .. 354 19.1% 23.7% 4.2%
354 .. 254 16.5% 22.1% 4.5%

Table 5. Crystallographic R

~factors for catalase diffraction patterns (frozen hydrated catalase crystals, experimental

detailsasdescribed in text) for % arbitrary subgroups of patterns (number of patterns N=20) and the two averaged subgroups

(N=2). Therelatively highR
small R

merge

 forindividua patterns (N=20) showsthe high variability of individual patterns. However, the
-factor for averaged subgroupsindicatesthat there are no systematic but statistical variations (seetext) which can

be overcome by averaging larger numbers of diffraction patterns.

changes between native and derivative data are not
dominated by the observed variability of individual
diffraction patterns as revealed by relatively large R e
factors. Instead, comparing patterns classified as native,
Pt-derivative, or Hg-derivative within one class aswell as
between different classes shows that differences between
native and derivative patterns are substantially stronger
than those of patterns within one class. Therefore an
unambiguous detection of heavy atom effects is shown.
However, thefact that individual diffraction patterns
do vary considerably shows that the situation is far from
ideal. ThisisreflectedinthehighR _ _factorsof individual
patterns as shownin column 1 and 2 of Table5. Fortunately
this variability is due to factors such as imperfect crystal
preparation, absorption and contrast effects. Another
potential problem could be small crystal tilting, which in
this study has been excluded by classifying patterns
according to systematic variations of the Friedel symmetry.
All these effects lead to increased R _ - factors between
individual diffraction patterns, nevertheless, the effects do
averageout for very large datasets. The achievable accuracy
iswithin the needed range and can be further improved by
averaging over diffraction patterns from different crystals
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(cf. columns1, 2 and 3in Table5). Experimentally, the effects
of heavy atom derivatives are readily detectable (Fig. 3).
Thenext stepson theway to structure determination without
imaging will be the classification of diffraction patterns
according to crystal thickness, crystal quality, or crystal
preparation combined with the averaging of larger numbers
of patterns. Furthermore, recent results on the determina-
tion of pattern orientation inthree dimensions (Dimmeler et
al., 1996) indicate that such averaging will be possiblein 3
dimensions as well, using large numbers of patterns from
tilted crystals.

From the discussion above it is clear that now - as
for X-ray - new problems emerge. The possible usage of
crystallographic methods in electron diffraction sets new
constraints on the quality and reproducibility of protein
crystals (native and derivatives). Also it will be necessary
to collect very large numbers of data sets to allow
classifications and averaging. Furthermore - just asin X-
ray - not every heavy atom derivative can be used for phase
determination, its phasing power will depend, e.g., on the
actual protein binding sites. One more recent aspect of
electron diffraction studies includes direct phasing and
phase extension studies (Dorset, 1995). Here it could be
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advantageous to get better defined scattering factor
amplitudes and use the phases obtained by MIR as starting
phases for refinement steps. These problems have now to
be investigated further.
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Appendix: Comparison of theNecessary Number
of Crystal Unit Cellsfor EM and X-ray Studies

Radiation damage is caused by energy transfer due
to inelastic scattering. To obtain a high signal/noise ratio
the ratio between elastic and inelastic scattering cross
sections and the average energy transfer per inelastic
scattering event arerelevant. For X-ray scattering, theratio
inel astic/el astic scattering cross section isabout 10 and the
average energy transfer per inelastic event isabout 8000 eV,
which gives an energy deposition of 80 keV per elastic
scattering event. In contrast, in €lectron scattering theratio
inelastic/elastic is about 3 and thereis on average only 20
eV transferred in an inelastic scattering event, thus giving
only 60 eV energy deposition per elastic event (see aso
Henderson, 1995).

Let us assume that the crystal can tolerate a maximum
energy depositionof E__ /nm*whichisequivalenttoN _*V
scattering events each depositing an energy E ™ if Visthe
volume of the crystal and N, isthe number of scattering
eventsper volumeelementwithN __*E g0~ B If wewant
toachieveacertain signa tonoiseratio SNRinadiffraction
pattern, we need to have an average of N = SNR? elastic
scattering events per Bragg reflection (Poisson statistics).
A givenN__ value definesthe minimum crystal volume V
which isnecessary to abtain the given signal to noiseratio.
From the numbers given above one finds that for electron
diffraction thevolume of acrystal can besmaller by afactor
of approx. 1000 compared to X-ray (also see Henderson,
1995).

In the experiments discussed an illuminated area of
22.9 um? has been used, which was fully covered by the
catalase crystals. Experimentshave shown that for vitrified
catalase 3D micro-crystalstheresolution of 2 A ispreserved
for adoseof 2 e/A2. Withanilluminated areaof 22.9 pm?we
have a total dose of 4.6 * 10° electrons. With a crysta
thicknessof at least 17.5 nm (unit cell thickness) and amean
elastic scattering cross section of approx. 100 nm, approx.
16% of the electronsare scattered el astically. Having roughly
7000 Bragg reflections in a diffraction pattern image this
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givesapprox. 1.1* 10° electrons per Bragg reflection, which
givesastandard deviation of 0.2-0.3 % on average. To give
an additional lower limit on the effect consider the weakest
spotswhich aretypically intheorder of 10° electronsleading
to a standard deviation of 2-3%. This will be the limit to
observe the discussed MIR effects (cf. Table 1). It should
be noted, however, that the weaker spotstend to show high
relative changes due to substituted heavy atoms.
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Discussion with Reviewers

Reviewer I: Inthe appendix you claim adetection accuracy
of 0.2-0.3 % should be achievable, but in the experimental
approach section you give the experimentally observed
accuracies, with your top quality detection system as high
as 5-7 %. What do you think are the main reasons for this
large discrepancy? Do you think you will be able to reach
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an accuracy closeto the expected theoretical limit?
Authors: From our experimental data we learned that the
most critical step for obtaining a uniform data distribution
was the preparation of crystals and microscope samples.
This includes crystal mosaicity, crystal thickness, the
remova of excesswater layersaroundthe crystal, and crystal
orientation (see below). One way to be very selective for
“good” dataisthe classification of diffraction patternsand
theregjection of any pattern showing deviationsinintensities
deriving, e.g., from absorption effects. Tofinally reach very
high accuracy it will be necessary to improve the methods
for specimen preparation and data selection.

Reviewer |1: Theconcept of anomalousscattering in electron
diffractionisnot well known. Please comment.

Authors: It has long been neglected that atoms do have
complex atomic scattering factors[cf. thereferencesto Raith
(1968), Reimer and Sommer (1968) and Zeitler and Olson
(2967)]. Infact, for the normal biological sampleconsisting
of light atoms anomal ous scattering isnot amajor effect, as
wedemongtratein Table 2. Thissituation changesdrastically
if heavy atom labels are added to the protein. Comparison
of Tables 1 and 2 shows that the effect of anomalous
scattering on the crystallographic R-factor is at least
comparable if not stronger than the normal effect of the
stronger real scattering factor. From our experimental
experienceitismuch too early to give any final answer but
it might well prove that for electron diffraction evaluating
anomal ous scattering will lead to a higher phasing power
than MIR.

Reviewer |: With regard to the crystallographic R factors,
doyouthink crystal orientation isalso animportant factor?
Authors: Yes, wedo. Totest thiswe performed simulations
on modelled 2D and 3D crystals. These tests showed that
small deviationsfrom theideal zerotilt can not be detected
for monolayered crystals. For multilayered, 3D crystalseven
tilt angles much smaller 1° show detectable effectsin the
patterns. We did not elaborate on this so far, since for our
current experimental data crystal orientation seems not to
bethemain error. Thisfollowsfrom asimpleanalysisof the
dependence of Rom with resolution: inthemodel calculations
Rym is strongly dependent on resolution, which is not
observed in thisway for the experimental data (cf. Table 4).
We conclude that other errors - like crystal mosaicity etc -
still dominate our data. Nevertheless, for finaly applying
our ideasto really solve unknown structuresit will becrucial
to determine tilt angles very accurately and first stepsin
thisdirection are done (cf. Dimmeler et al., 1997).

Additional Reference

Dimmeler E, Holmes KC, Schréder RR (1997)
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Determination of tilt parameters in electron diffraction
patterns of 3-D microcrystals. Proc 55th Ann Meeting
Microsc SocAmerica Bailey GW (ed). Springer, New York.
pp 1081-1082.
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