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SUMMARY

Rad‘iation da.mage, which occurs in the beam of the electron
microscopé, has been studied in uranyl aCétate stainedb catalase
crystals, Damage is observed in terms of the disappearénce of
highef orders of the electrvon diffraction pattern.. In this study itb
has beenv fouﬂd that the dama’g‘e at very low vspecirr.len temperatures

proceeds both more rapidly and to a greater final 'degree than is

the case at room temperature.

INTRODUCTION

Radiation damage, in specimens suitable for electron micros-
copy, vhas been investigated at temperatures lower than 20°K for .
a variety of organic materials, including some of biological interest.
Siegél (1972) has found the existence of a ''latent dose', during which
the low order diffraction pattern of crystalline org.a.nic materials ex-
"hibits minimal changes. However, the exposure needed to Vtotally
deétroy cfysta.lline structure at very lon ‘temperature is increased
by Vonly a fa.ctorv of thi'ee or less for saturate_d-b_ond type molecules
énd only a factor of four or less for aromatic molecules (cf. the
review‘of Glaeser, 1974). |

In spite of thev limited nature of any low temperature effect for
u‘nstainéd organic materials, it seemed'worthwﬁile to investigate the
matter for stained biological specimens, Mass loss associated with

the radiolytic production of low molecular weight organic fragments

should be effectively eliminated. It seemed possible therefore that



‘the organic stain might be more neariy constra_ir;,ed to its original
position_in the | specimenvthan has been found to _bevthe case at room
temperature. Héwever, Ehe outcome of the experiments reported
néw has been that the loss of crystalliﬁe diffracbtion in ﬁranyl ac-
eté.te ‘s‘tained catalase is markedly more severe at 10§v temperature

than at room temperature.

EXPER_IMEN'I:AL METHODS

" The low temperature stage used in this investigation was devel-
oped by Hobbs (1973, 1974) f;)r the Siemens Elmiskop I, and hé.s been
used for | studies on radiation darﬂage in alkali halides at low‘temper—
ature (Hobbs, 1973; Hobbs et al. 1973). Specimen covoling is
achieved by circulation of helium gas through a héat exchanger, which
is in thermal contact with the stage. Specimen_témperatur.es lower
thé.ﬁ 10°K are attainable, as demonstrated by the condensation of
neon when the gas is intentionally -introduced info the column. In the
present expériments, a stage temperature of less than 15°K was
maintainedv, and specimen temperature below 30°K was realized as
evidenced by condensation of nitrogen gas ;)n'thev specimen itself.

Catalase was recfystallized by.r the method of Wrigley (196_8) in

order to produce thin laths. Specimens,either’ were mounted on form-
var and then coated with carbon or were mounted directly on 30 A
thick carbon films that were prepared by the method of Williams &
Glaeser (1972). |

Specimen staining was carried out in the following way. A
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dilute drop of crystals in suspension was place'd directly oln the sup—
‘port filrh. A similar éized dfop of two percent uranyl acetate was
- added, .and. the mixture was allowed to stand ‘forv fwo minutes so that
some of the érystals would settle and become attached to the sub-
strate. The liqui'd was then drained frorh the grid with filter paper,
and the épecimeri,wa;s” allowed to dry at ro.om tempe'rafure. The
uranyl acéta.te solution was one that. ha.d. been titrated with NaOH fo a
ppint just before that which' -caused preéipitation. Preparation §f a
stable stock of stain byI this 'method requires some care. The titra-
tion, if carried too fa.r, may not lead immediately.r.to' ~prec:‘ip'ia.tion,
but this may still occur after a period of seve__ral hours.

Radiation damagebwas observed in terms of th‘e degradation‘ and
loss of crystalline diffr;action patterns. In order to find suitable

f

crystals, the specimen was scanned at a magnification of 5,000X and

4 A/cm2 on the specimen.

~a current density of approximately 1_X10_
When a c’fystal of appropriate thickness wé.s fouhd, it was then sub-
sequently examined by the usual selected area diffraction téchnique.
Heavy specimen irradiatiohs were carried out under conditions suit-
able for normal electron microscopy at a magnification of 50,000X.
The illumination spb_t had a diar‘netervof 5 micfons and the current
density at .the specimen was épproximately 1x1072 A./cr'nz. In these
conditions one could observe the sublimation of .crystalline NZ in a
matter of seconds, but no sublimation of condenéed HZO wé.s notice -

able. No sublimation of crystalline N2 c'oﬁld be noticed under the

less intense conditions of irradiation that were used to scan over the



speéimen and to recérd the electron diffractién pétterns. The e.lec.- '
tron 'exi)osures involved in co.nducting thes.e vexpexjiments 'were ‘mea-
suréd in an approximate way by use of the fluor‘er'sc.:en‘t screén_ éé a flat
platé "Faraday cage'!, in thevs‘arn_e way previodsly employed by Grubb
(1971) and by Grubb & Groves (1971). The current densities reported
here ha\./e beén correctéd fér the_vreemission effect, ackc()rd_ing to the

factor given by Grubb (1971).

EXPERIMENTAL RESULTS

| The. first observation made was that the'_e.l.ectron diffraction
ihtefxéities for crystals at low température did not extend to as high
a resolution as for cr}.rstals at room temperature. At "helium'' tem-
perature no diffraction patterns were observed to extend beyond the
second order of the 68 A p_efiod, while at room temperature—on the
same specimen grid—-diffrac.tion pati:erns could routinely behobtaihed
to the'fbourth order of the ,68 A period. Figure 1a éhows a diffraction
pattern obtained at room temperature, vs./hilev Figure 1b shows a pat-
tern obtained from another crystal at. low tlemperature. The total
electroﬁ exposure given to the crystals in obfaining patterns of this

3 and 1X10°2 Coulomb/cmz.

type varied between 2 X410~

The second effect observed is that the uranyl stainéd catalase
structure became disordered to a much greater extent under conditions
of intense irradiation at low tempefature than is Vthe case at room

temperature. Figure 1c shows the room temperature diffraction pat-

tern for the same crystal as shown in Figure 1a, but after the crystal
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had been'.'.exposed'to» an electron flux of approxirﬁately 1.0 Coulomb/cmz.
Similarly, Figure 1d shows the diffraction pattér‘n obtained at low
temperature after irradiation by approximately 1.0 .Coulomb/cmz

As reported previously by Glaeser (1971), the electron diffijaction
‘pattern of uranyl stained catalaé_e at room temperature fades down to

a stable péttern at a resolution of approximately '25‘;\‘. This has not
‘turned out fo be the case, however, at hélium temperature. Instead
-the diffraétion pattern freque.ntly fades down to a resolution of approx-
irhé,tely 70A, and in some of the cases it has been .observed .that all .
of the diffraction spots are lost.

"In an attempt to further definve the correct cause for the excep-
tional radiation sensitivity at low temperature of the uranyi stained
catalase, experiments were done in which the diffraction pattern of a
single 'cry‘stal was observed continuousiy while the spec.imen was
- cooled from room tempe>rature to helium temperature. In these ex-
pe'rime.nts' it was obserVed that the diffraction pattern remained essen-
tially unchanged until the temperature reached approximately 35°K.

At this point,‘ a su_dden loss of crystalline structure was obsérved,.
“and the pattern was reduced to a resolution of approximately 254,
gix}ing a pattern such as the one shown in Figure 1b. This reduction
in crystalline structure was irreversible in the sense that no subse-
quent improvement in the pattern was observed if the crystal was
warmed again to room temperature., This reduction in crystallinity
was nbt due, hoWever, to the simp.'le act of cooling the specimen to

helium temperature. Other crystals, on the same grid, which were



not expos.ed to the electron beam during the period of specimen chill-
ing could be observed to produce an excellent diffraction pattern if
they were observed é.t room temperature. This remained the case
even after the specimen had been cycled from room temperature to
helium temperature and back to room temperature a nurﬁber of tiﬁes.
It seémed_ important to determine w.héthe.r the damage that occurs
at helium temperature includes some effect in addition to the damage
which.c'an occur ait'r_oom temperature.' To test this point a specimen
whic.h initially showed an e.xcellent diffraction pattern at room temper-.
ature was irradiated by approximately 1.0 Coulomb/cn"l2 in order to
reduce Ehe pattern to the typical 25A resolution sfate. At this point
the specimen was then cooled to helium temperatuie and the sé.me |
c.rysfal‘ Was given a further exposure of ‘1.0 Coﬁlomb/cmz. Virtually
no further change appeared in the electron diffraction pattern. From
this observation we conclude that the exceptional radiation se‘nsitivity
of the urarisrl thained cata;lase'-at low temperature is in some sense a

synergistic effect involving both low temperature 'a"nd extensive elec-

tron irradiation.

DISCUSSION

The results obtained in th.is study at low temperature are just
the opposite of what had been our original expéc’tat»ipns, and these re-
~sults remain difficult for us to understand and explain. Nevertheless,
it is significant and important to note that the uranyl stained specimen

clearly is not any more resistant to the damaging effects of electron



irradiatio;l at helium temperature than at room temperature. The
fact that vevry low specimen temperature is fo some extent a disadvan-
fage ih the'ejlectron micrdscopy of these stained specimens is perhaps
less 'significant'from an operational .po’int of view than the fact that‘
low temperature does not provide any advantage.

v One povssible suggestion for the in;:reased radiation sensitivity at
low temperé.ture may be related to ‘the fact that chemical radicals and -
low molecular weight species wili be trappgd in the specimen until
they reach very high concentration.. " _At,this point they will begin to
come in contact with one another, é,nd a relafively rapid: reaction may
take place. The interé.ction of these products of'ra.diolysi_s, at high
éoncentration, ‘may have a more cataclysmic effect upon the stfucture
than if the products could have been consumed or released at the same
rate that they were produced. Presumably the lé.tter is what occurs at
rdom.temperature. -

A second hypothesis reg.a_'rding the :1ncreased radiation seﬁsitivity
at low temperature is r_elated to the relative thermal contraction which
the specimen must underg.o upon being cooled by neariy_300°C. It may
be suggested that if local or microscopic strains exist in the specimen
due to thermal contraction, then these' may 1%ender the specimen more
susceptible to the occurrence of extensive disorder than in coi’nparison
to the d_isordér occurring at room temperature.

A third suggestion for the increased sensitivity at helium temper-
ature is that reéidﬁal gas molecules which are condensed at the sur -

face could participate in a radiolytic attack upon the specimen. This



third suggestion would seem to l;e excluded, however, by Ehe observa-
tion that specimens which are 'héavily irradiated at room température
uﬁdergo no further, apparent dar‘ne.xge‘when they are subsequently ir-
radiated at .helium temperature, and ih fact, refnain in a much more
crystalline vstate than those specimens which are irradiated only at
helium temperature.

It should be pointed out that the disappea;;'ance of the pattern ’at
low temperature is not due to a simple masking of the pattern by dif-
fuse scatter from the residual gas molecules that tend to condense on
the specimen. Suéh an effect can indeed be seen after prolonged oper-
-ation at low tempera.ture. This type of effect must be éxcluded from
c'ons'idératibn in the damage studies, .hov'v_ever, by the fact that the
pattei'ns for irradiated crystals did not improve when the condensed
gases were removed by bringing the specimen up to room'_temp'era‘ture.v

 Finally it is impor_tant to emphasize that further experinﬁents of
this t‘ypev' are needed before concluding that helium specimen temper-
ature is ‘of little use in electron microscopy of stained biological spec-
imens. While the results obtained with uranyl staiﬁed catalase may be
quite discouraging, one cannot tell whether similar results will be ob-
tained with different kinds of biological specimens or with differént
kinds of heavy metal stains. These are points that can only be deter-
mined by further experiments. vIn particular, it may be worthwhile to
suggest that experiments should be done with heavy metal stains that
are highly resistant to electron irradiation damagé. These would have

to be stains other than ones that have an organic molecular component,



which by itself is quite sensitive to radiolytic destruction.
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FIGURE LEGEND

Figure 1. Electron diffraction patterns recorded from uranyl acetate
stained, crystalline catalaée. Figure 1A is a pattern obtained at
room tempverature after an electron exposure of 1 )(10-.2 Coulomb/cmz,
while Figure 1B is_a. pattern obtained from another crystal at helium

~ temperature, again after an-electron exposure of 1x107°2 Coulomb/cmz.
Figures 1C and 1D show the patterns for the same .crystals as Figures

1A and 1B (at room température and at helium temperature, respec-.

tively) after a further exposure of 1.0 Coulomb/cmz.
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