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-Prellmlnary reports of portlons of thlS w0rk have been presented

at the 7th International Congress of Electron Microscopy (12) and-

Amerlca (11)

~at the 28th Annual Meeting of the: Electron Mlcroscopy Soc1ety of
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. Abstract

o B g - : ] Lo : . . ) .
Quantitative measurements of radiation damage in crystalline

specimens of l-valine, adenosine, and catalase (uranyl acetate stained)

have been made by dbseffing the 1055 of fhe eleétronvdiffréétion".

pattéfﬁfi‘RéciprCity ofrspecimen fife;imeyandtcurféﬁt déﬁsity”af thé
épeciﬁen'demonstratés the absenée of én& dosé-rate effect, sucﬁ as
specimen ﬁeétiﬁg,'as a cause of speéimen damage. 'Specimen lifetimes
at high.V61tagesvare about%two‘and a Balf times gréafer than at
convenfiohal voltages, and it’is~shOWn_that ghis‘is'éonsistent with
the dependenée of linear_energy loss upon acdélérating vdltage. The
limiting resolution for meanihgfullobsetvation is ;onsidered in ter%s.
of the sﬁatistics of obéer&ation at pafticle fluxes that are Specified

from the speéimen lifetime data. The'bes; values are probably not

‘better than 50 & for l-valine, 20 £ for adenosine, and 15 & for catalase.
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Introduction .

) - ' ) . ) T .
Numerical image-processing techniques recently introduced into

_biological electron micrbsCopy suggest tnat electron’miCroscopy-could
be developed into a method equivalent to or even superlor to x-ray
crystallography for three-dimenSLOnal structurevanalySLS (17) The
,Fourier prOJection theorem was first used by DeRos1er and Klug, for a
structure w1th helical symmetry (5) The method has since been
extended by Crowther et al. to a non- helical structure (4) Solution -
of simultaneous 11near equations in real sPace (the projection matrix
method) has been employed by Hart (15) and by Valnshtein (36)
Continuing 1mprovements in instrumental resolv1ng power lend hooe‘to '
the exoectetion that useful three—dimenSionsl structural information
can be obtained at resolutions better than 5 K. Apolication of
transfer function theory inielectron”microscopy'(83 l8,l33,‘38)
suggests'thet numerical processing_of'electron microéraphs'csn_
.‘compensete'for systematic errors due to'instrumental defects. Phase
distortion and transletional.(viorstional).Blurring are the mos t serious
defects at high resolution. It-is well known that improved specimen
.preparation methods are needed for biological materials in'orderlto
takevadvantage at high resolutionfof tne powerful synthesis of the '
mathematics'of signal theory and of crystellographyf It is'also
apparent'that radiationvdamagelimitsvthe.usefulness‘of electron
microsccpe'dete, regardleSS‘of the initialIQuality of the specimen.

The purpose of‘the Work reported here is to quantitstiyely‘estimate

the resolution to which useful structural information might be obtained

for representative biological materials.:
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The difficulty of obtaining high fésolution iattice imégés of
organic mblécular ctysﬁals indicates-tﬁaf radiation damage limits the
meéniﬁgful‘fésolution'thatvmightvbe bbtéined withnbiblogical épecimensg
The.phthalocy5nineég whiéh-like'thé:pérphyfiﬁs may‘be‘expected}to be
extraordi@arily fesiétant_to bdnd—damage_sﬁbsequént.to ionization by
rédiétion (26); aré.in most instances sﬁitabie.oﬁiy for producing
1a£tice images to a rééolution of abouﬁ"lo )9 (23). A ﬁbre combiigated'
crysﬁaifimégevstructﬂré”having a.fesolution_of ~5 & has béen'reported
for the partiCUlarvdérivatiQe Cthexadecachiéfophthalocyanine (35). By
comparison 1é£tice.résolutibﬁs'df'3;35 X and Eettervare obﬁéiﬁéble with
graphitized‘carﬁon (41),>and a latticé'tésolution of 0,88 & ﬁas geen
obtained with cfys&alline nickél 142). Thése exéﬁples'emphasiZe tﬁat:
specimen raéiatidn'aamaée rather thén thé_inétfumental resolviﬁg power'
qr:thé'expéfimental technique:of_thé micfoscopist is the liﬁitiﬁg factor
in.obtaining'high resolu;iOnjimagés‘of crystéls_Of biblogical ﬁolecqles,

. The:qﬁestioh'of radiation damage has recéiﬁed‘an ékcéileht anélysis
and review in tHe récént paper of Stenn and Bahr (30). Thgsevauthdré
suggest that radiation damage might not affect the meaningful infor-
‘_mation é#cept at resolutions'bf less than”& 21 This estimate may be
valid in_specialvcaées'suéh:és are mentipned_léteriin'the discussion,
but the data presented here'indicates:that_radiatipﬁvdamage can often
1imit thé méaningfql resolution to 15 X.--ZO.X ofvmofe. It is possible,
however,.thaﬁ new éxpefimentallmethods canvreduce‘fhe #ppafeht effect
of radiation damagé.

A direct measurement of'the'degree'of radiation damage agd.of the

variation in radiation sensitivity for different crystalline biological
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materiais can‘be obtained'hy observing the radiatioo dose that causes
the faaihg‘of_the'eieetroh‘dtfftaction patterh'toiaichosen ehd point
(20, 32).v'bata are.presented_here“for the radiationisensitivity.of
l;valine; a&ehosine;.ahd utahyl-aeetate;staihed catalase; Theilimiting'
effect of.radlatlon damage upon 1hage reeolutlon can bevcalculated from -
equatione that take 1nto account’ the contfast that 1s avallable at
that resolutlon, the radlation induced, y1e1d for bond damage and

other relevant parameters.e'

Materials
* Crystals of l-valine and of adenosine were grown from aqueous
solqtion by evaporation of solvent at room temperature. A small drop

of solution was placed directly upon a formvar-coated specimen grid.

The drop size and solution concentration both influence the crystal

thickness and the‘number of;ctyStals,j The optimal conditions are best
found by empiricai trial | |

" Commercial preparatlons of bov1ne 11ver catalase (C.F. Boehrlnger
& Soehne, Mannheim) were recrystalllzed by the method of ergley (40)
In this method a solution of catalase in 117 NaCl 1s diallzed against
decrea51ng concentrations of phosphate buffer at pH 6.3, endlng elther
with O, 001 M buffer or with dlStllled water, Spec1mens were mounted

on formvar coated grlds by placxng a drop of crystals in suspen31on

.and allowxng the crystals to settle onto. the Support £ilm. .The excess

liquid was draned off and.a droprof-aqueous 2% uranyl acetate was
added immediately, in order to prevent drying of theyptotein cfystais;

The stain was left on the grid for one minute, after which it was



drained éffvaé thordugh1y1as péésibie.so as to résqlf in ﬁo-gvident'
"ﬁégatiQé stain“'%uild—up élong the édgeé»of-thé protein érys£a1s;‘

All sbécimensvwefévcoated with a iigHt'butypléarlyHVisible iayer;
ofbévaporatéd'éarbéﬁ; The purposé'of the carbon film is to prevent
| Speéiﬁen cﬁérging. This step'is of particular ihporéénce_fof:oﬁtaining

B

good low-angle diffréctidﬁfpattérns'of crystalling catalaSé.

Me thods

The-raéiatioh'"dbégﬂ Wés:ﬁéésured in:téfms~gﬁ ;ﬁé currentvdensity
passing through ﬁhe:épééiméh.support film., The curreﬁt,densify_ﬁas'
.actually.mégsufed in thé'fiﬁaliimagé piahe at é_point just;ﬁeldw the
normal'pqsition of'thé photogfaphi¢ p1a£é;;:A litﬁiuﬁ-dfifted s?iicon:

5

detectorlkwasiused for counting‘single eleétrohs at rates up to 10
counts per. second, An apeftﬁré pf 1;0 mm diameter_maskgd off the
detectbf,'aﬁd current.denéitiési&gte déteyminéa ;tﬂébhvénieﬁf image
magnifications, usuéllva0,000 to 25,000 times; thrent denéitieé
wereé always measuféd through‘a élean area of the support film, adjacent
to each~§rysta11ine Spééiheﬁ being stﬁdied;_

The radiatio@-damagé end;péint for crystalline 1-va1iﬁeAand for
crystalline édenésiné was‘convénieﬁﬁly takeﬁ to bé‘the-timé:at which -

the diffraction pattern was no 1ongér.visib1e-on the fluorescent screen.

1. Provided through the courtésy:of'Mr;-F;'Goulding; Lawrence Radiatiqn

.o

Laboratory, Berkeley.
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On thedcther hand, the diffraction pattern of uranyl-stained catalase

"doés not disappeér'conbietely after ndrmal fluxes of electron'

irradieticn. A pattern that mlght 1n1t1a11y extend to Bragg Spac1ngs

of less than 15 X w111 fade .down to a resolutlon of 25 R to 30 X At

'the same time the relative inten31t1es of the remalnlng reflectlons

can be'altered quxte cons1derably These changes in the dlffractlon :
pattern can be recorded on photographlc platee Wlth an electron exposure
of only a‘few per’cent of that whlch 1; used for the total radiation |
dose. |

The techniqUeshforveelected erea.electron diffraction and for low
angle“electron diffraction“were eésentially‘as described inuprevious

work (13);

Results =

The total electron flux at which the diffraction pattern of crystal- -

line l—valine.COmpietely'disappears;has been found in the present work

to be ~ 8 x 1015 electrcns/cm2 (at'the snecimen)vat 80 kV and ~ 2 x 1016

| electrons/Cm2 at 500 kv. Reciprocity between time for fading and dose

rate is shown in Figure 1. . The data lie,”within'experimental error,

,along a 11ne of slope mlnus one when the 1ogar1thm of fadlng time is

plotted vs ‘the logarithm of current den51ty. The total: "dose” for
complete fadlng of the dlffractlon pattern is apparently independent
cf the - inten51ty (dose rate) of 1rradiatlon over- the range that has
been studred.

The linear energy transfer for 80 kV and for 500_kV electrons was

ealenlated From the relativistic stopping power equation for electrons



(2), using the.formulation of'Rothich'and Carléonl(27):

1 . R
1) "E= 1535 B E 14 { ramh? (T /8 - (2T+1)log 2) !
. L - S 217 S E (T+1) l-
In'thisiequation_b‘is*the:density of the specimenV.a is the ratio of
\/v

the electron veloc1ty to the veloc1ty of 11ght z is the atomlc number
and A is the atomic mass (chosen to be 6 and 12 resPectlvely, T is ‘the.
electron k1net1c energy d1v1ded by mc2, Wthh is the electron rest
energy; and 1 is the mean 1onizat10n potentlal The values_computed
were 5.5 x 10~ ev/x at 80 kV and 2.3 X 10 ev/Xbat 500 kV,'aSSuming
a mean ionlzatlon potentlal of 54 6 ev. (the value approprlate to
polyethylene) and a- den51ty of 1.23. The values of dE/dx are in fact

not very’sensitive to the exact choice of mean ionization potential

within any reasonable range of values. From these values and the electron

fluxes méntioned previouély.it can be further’calculated that the -energy
deposited inbcrystalline'l-valine'at the time that structural'disorder
has been completed is approxxmately lOllter'g/gm,'orlO9 r d,_'From this
flgure one can estlmate a radlolytlc yield of elght molecules damaged |
per lOO-ev absorbed. This value 1s-31m11ar to the.ammonla yields for
solid amino ac1ds 1rradlated in vacuum at room temperature, Wthh range
from values of approx1mate1y 2 to 6 (10) |

The.dlffractlon pattern of crystalline adenosine completely
dlsappears after a total electron flux of ~6 x 1016 electrons/cmz,
_ when the acceleratlng voltage is 80 kV VAs is shOWn'in Figure 2, the

"dose" for complete fading is again independent of the intensityvof

.

feeadiation, T¢ is also evident in this figure that crystalline adenosine

is 8 to 10 times more resistant to structural disorder occurring as a
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. result of electron irradiation than is crystalline 1-valine' The dose

for produc1ng complete dlsorder of adenosine is calculated from the

present data to be approx1mate1y 1010 rad.

'The electron’diffraction pattern'of nranyl—acetate étained'Catalase,
-oﬁtained‘at 80 kV' doeé not'show'any substantial'chande from the
17

"orlglnaP'pattern after a radiatlon flux of only ~ 1 x 107’ electrons/

- ¢m?5 However, a flux of 3 % 10 18 electrons/cm2 causes most of'thé

l pattern extendlng beyond a resolutlon of 25 £ to 30 X to v1rtua11y

disappear. Only minor changes occur as a result of an additional
1

‘radlatlon "dose“ of 6 x 10 8 electrons/cmz.v One example of the

&

fadlng of'the dlffractlonrpattern of catalase”is illustrated in

_ Figure‘B  Each diffraction pattern was recorded with an exposure of

1 x 10 electrons/cmzl fDetailed“featureS»of the diffractiOn'patterns

:vary somewhat from one crystal to another, depending at 1east in part

iy uPon5the'specimen tllt,‘Whlch cannot be controlled accurately on

“account of warping of the support film. Electron radiation damage

also causes relative Changes.in the intensities of the diffraction

- orders that remain after a flux of approximately 1019 electrons/cmz.

These changes are already noticeable after an irradiation of '101‘8

electrdns/cmz. .Ihe'relative,changes in diffraction intensities are
shown in patterns recorded'with identical exposure conditions after
| - | ‘ e anl8 2 18
irradiation by a total dose of 10 electrons/cm” and 3 x 10

2 . . . . . '
electrons/cm~. As shown in Figure 4, the major change is an increase

in the intensity in the (1,0,£) reflections relative to the (2,0,2)‘

reflections. Other shifts in intensity such as an increase of the

- (2,0,0) reflection relative to the (2,0,1) and (Z,O,T) reflections

are also noticeable,



Theoretlcal Relatlonsh_ps Between Contras Resolutlon and Radiation

Damage

An iﬁage,featﬁrejcaq be{seid to bé’“reSolvgdﬂ“when’it is ¢Iearly:
visible ffometﬁe other”feaﬁures su;rounding,it, This is»manifesﬁly a
esubjectife definiﬁiqn’in that the expreSSidn "clearly Qisigle” haé‘ﬁob
queﬁtitetive’definitfen. Soﬁe“imege feaﬁure that is "cleerly'visible"
on a,densitbmeﬁer'tfaeing might not be so cleérly‘visible on a photo-
gfaphic'ﬁrinf.:'The COncepe‘of:fe$Oiutioﬁ‘cah'depend, émong'ether
‘thinge;vﬁﬁdpwthe ﬁ;&_iﬁAWhigﬁ-ﬁﬁe data are "reed".6f éfesen@edff'lh the
pfeseht cbnteXt we are concerned with the fuhdaﬁentél‘liﬁitation te
"reSOIution-that ekiste beeauséVOf.ﬁoor StetistiCS in the”measufement
and beeeuee’of tHEYlowest acceptabie signai-toénoise fatioeregafdless
- of how fhe deﬁavere reed‘or'pfesented. | | |

it "

Imége‘features wi:h'loweceﬁtrast érebdifficelt to "see' at low.
electron fiukes'beEau;e‘the statistical fluctuation of imAge”inténsities
may exceed the sma11‘vafiation'of‘ihteheify assbcia;ed;with the
intrineiCICOntrasﬁb(l). Ithiévteasoﬁable to aSSu%eethat‘the_incidence
'ofvelecefoné'et‘the imege;plahe‘isfa random ﬁrocessgl If the total
.number of electrons pa331ng into a glven 1mage point“ (plcture element)
is n, then the statlstlcal fluctuatlon, or "c0unt1ng error", 1s~Jn . |
It'1s'usefu1 to express this fluctuatiqn in terms of the follow1ng‘
parameters:. the areaﬂef the pictﬁre’element, dz; the eurrent density

- through the object, j; the "integretion time" or exposure time, t; aed
the fraction of the electrons passing through the specimen‘that actually‘
enter the lens aperture and contribute to theAimage; f} In terms of
these new paremeteré,.n = fjdzt. ‘The etatistical fluctuation iﬁ

~particle flux results in a spatially varying "contrast', which is
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Hn/n = 1/}[%35521 'For a_10w~cqntras; image ﬁeature tovbe_"resolved”,
the inbherent COﬁt%asc mus t exceed the{statistical fluctuations by the
minimum acceétable'signal—tp-noise'fatib, S/N; »This_leads to the
followiﬁg in¢an1ity.f o |

(2 " cd>

In this equation C‘dehotesQtﬁé.inhéreht_imagé_¢bntrast; which is

~defined as the differénce'iﬁ image ihtéhsity between two points divided

by‘the>1odél évéfage in iﬁage'intensity, This gquation statés‘that o
the produét of resoiutiQn éﬁd éontfast_mﬁst exceed é certain Constant,,
which is.in;tufn;determinedlby:thé éﬁnditions bf_méasuremént (f,3j, and
t) andkbj the con&itions'of anél&sis (ﬁiﬁimum.aécepﬁablé'S/N).' B

‘From thisvequétion alone and no‘furthér anaiysis onevmight
érroneouély conclude‘fhat'arbitrarilytgood‘réSOIﬁtion could be achieved

at arbitrarily 1ow'contrast;’provided that‘1ong-en0ugh‘exposures-were.

recorded at large enough current densities. Such an inference assumes

that the dynamic range of the recording medium is sufficient to
accommbdate the data, and that there are no other factors limiting the

resolution, Unfortunately it is not reasonable to use arbitrarily

large exposures with biological specimens. Radiation damage can destroy

- the object to such an extent that an image with statistically well-

determined contrast actually may no longer contain meaningful infor-
mation about the, object at the desired resolution.
One useful indéx of radiation damage is the fraction of bonds

broken after a given flux of electrons. This is found in a simple way
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from’tbe'lihearbenergy tranafer, which Canvbereaieuiated frqm”the
stopping pbwer'eéuatioh, and:from:the radiolytic yield, which can be
: meaéured'independently,"For a'flux of one eleCtrea perVSquare'Xngstrom,. P
ﬂthe number of broken bOndS is dE/dx - é; ”Tbeﬁlinear ehergy_traﬁsfer
is convenlently expressed in- electron rolts'per Xngstrom T Its Qalue
depends upon the_aeceleratlng voltage and upon the_mass deneity of
the speeimen. ;The‘radiol§tic,&ieidvfor the processes.of concern is
designatedvby the Symbel'G; and ie cenveniently expressed in units df 
"bondsf'per'electron'ﬁolt.bvbividibg’by'the volume-density of bonds;
n, gives the fractionalbend damage at this.barticle flﬁx. Multiplying
by Jt glves the fract10na1 bond damaoe at any partlcle flux: tb/b =
dE/dx G l/n jt. ‘ | | . .

From the 1nequa11ty in Equatlon (2) we flnd that the 1ntegrated flux must
be equal to or greater than (S/N) /fC d2‘1n order to record an 1mage,v
of.some quect—feature w1th contrast C, at.a resoiution &; From this

it'folloWSvthat a fractionai_boﬁdbdamage ,:

3 &b dE 1 (S/N)
b = dx ) 2.2

will result from the’minimum‘expdsure that justfpermitsfa resolution -

of d at. a contrast C and a 51gna1 to- (statlstlcal fluctuatlon) noise

.

ratio, S/N. ThlS equatlon probably over- estlmates by five or ten

percent the fractlonal bond damage at high damage ratios, say larger .
‘than 6.5 or 0.75. The:reason for this is that the radiolytic yield is
defined as a constant, characteristie'of'the type'of molecule ahd@boﬁd;

This approximation does not properly take into account the random
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occurrence’ of damaging events in the.speclmen and.the fact that the
total damage must' reach some - saturatlng value‘asymptotlcally ratherl
than 11nearly. | | o

Representatlve parametrlc curves are plotted in Flgure 5 for the '
follow1ng choice of constants dE/dx = 4.5 x 10 ev/x G 1 bond

per 30 ev, nr— 0.2 bonds/x3 S/N 5 (the value usually quoted for

_v1sual perceptlon of structure (28) ) ='1;0. The value taken for

n is an approx1mate value for the total den51ty of all classes of bonds,
whereas the value of G is approx1mate1y what one expects for sc13310n
of the C -N bond in amino ac1ds. .The somewhat more consistent
approximation of'taking 1 ~ 0.01 as the density'of C-N bonds for amino

acids would result in correspondingly larger estimates of the fractional

'bond'damage; for that‘class'of bonds. This second approximation would

aésume that the absoroed_energy_is preferentially channeled to the
most labile bond,‘which_ls in:fact]usually thevcaser

In tne case of dart-field.electron microscopy.the fraction of
electronS‘contributing to tne image is very much less than.one; Thus
while the contrastdcan be veryvgreat in dark—rield lmages (for recent
references see for eXamole Dupouy. (6), Johnson: and Parsons (19),
Ottensmewer (25) ),‘the statistics of measurement for a given expOSurev
are much poorer than in the correspondlng brlght fleld image. As a

rough estimate it can'be calculated ‘that radlatlon damage will be

twice as great in the dark-field image as in the bright—field image if

 the contrast is due to Fourier synthesis of the scattered radiation

(as in crystal lattice images), while the:radiation’damage will be-

nearly equal in the two cases if the contrast is due to truncation of



oo-12-

the Fourieflsynthesis by the aberturef(often»referfed to as amplitude

. B |
contrast).,

DiscuéSidn
“Crysfalliﬁé véliné'was initially.choéen'as:a.épeCimen for sfﬁdy

.beéaﬁSé it readiiy'forms thin-cfysta1s suitéblé.fér,électrqn diffraction
work (14). Sincé”hydfogen'bSndSZplayva.méjqr ro1e'in-thevstrqcture 6f
crysfalliﬁe'amind“ééids; aﬁd éincévothef‘featufes.ofvstrﬁcfﬁfé and
of rédiatioﬁ cﬁemisﬁry afé_parti§11y similéf to.ﬁhdse of the peptides
and proteins it3ié bélie&éa fh#t‘ﬁﬁe.results obﬁaiﬁed'with valine1WiIl
préve to:bé roughly cdmparabié-tokresultégtﬁat might be obtained with
an uﬁétaiﬁed protéih.. Adéno;inévwésbstudied since it was a convenient
analogffor the'sdmewhat mpre-COmplicated nﬁcleofidefphosﬁhate,and
nucléic:aéid structﬁrés.'-cétélase Qas 6hdsen.$ince it represehts'one
offﬁhe highe$t-reso1utidn'é#amflés.iﬁ'the'pfesent'statefof~thé;art fo;
biological specimén preéarétibn{ .In'fhé_béSt example of the present
work tﬁevelectron diifraction paﬁterﬁ,has¥been'se¢n~forektend toviess
than 9.0 & (Figure 6). .

| Meaéﬁfement of the minimum elgdtf@n_egpogufe that caﬁsés'completej
fading bf.a difffaétioh pattern fér.;,cryétailinévséecimen'isVof difeét
v_éignifigan@e to underSténdiﬁg the best meaningful resolutionvthat:might'
be»obtained‘in,;ﬁe image. Cbmpléte:féding.of fhe diffraction'pattern
woﬁld:imply:thét nélperiodic Sﬁructurevwhafevér would remaiﬁ in the
image. Even if;arfew moleculgs db remain ﬁndamaged,'thefe will be no
way to recognizé them aé beiﬁg,unique or to prbve froﬁ thevimagevdata

that they represent the original structure. Radiation induced

.
-~
«
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derivatives of the originel structure will also be preseﬁt in the
image, and tﬁese';ill seriousiyﬁcdnfoundjthe ihterpretetion.. In
crystalllne spec1mens, and. 81mllar1y for any spec1men that is more than
one molecule thlck the- overlapplng of multiply dlfferent radlolytlc
products w111 lead to 11tt1e more than sPatial "noise" at resolutions
exceedrng whatever Bragg reflectlons may remain.

| Although the experimental method used here has been applled for
several years in the study ofvcrystalllne polymers (20, 32, 37), no
data havevoreviously‘beencreported for biologlcel:materlals. One.'
- shortcoming of the-method is that it tends to underestimete'the dose
'required to'"diSOrder”.or'démege a single'molecule; One "hit"™ in an
organic-molecular crystal mlght disorder the entlre structure of a
' unit cell or poss1b1y even the structure of more than one unit cell
Stated‘another_way,lthe "radlocrystallographlc yleld" can be 1arger
than the true radlolytlc yield. But ét.least for the ourposes of
micrographic structure-ana1y51s usrng crystalllne or hlghly ordered
speclmens,.whlch has been referred to in the rntroductlon, the d
"radiocrystallographic yield”.is'actually the important parameter to
know, _ o

The observed‘differenCes in the radistion sensitivities of the

three Spec1mens reported here requlres some explanatlon., The calculated :
dose for complete d1sorder in valine corresponds to approx1mate1y '
thirtyMelectron volts, or one average ionizing event, per unit cell..
Since_there are four molecules in the unit cell (34) thls-calculetion
indicates that one lonizing erent per every_four molecules causes

complete disorder of the crystalline structure. The calculated dose
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fbr‘adenbsihe'is approximately 32 x 10,-2 ev/g3, or appfoximately 90

ev/molecule assuming a molecular volume of 286 23 from the data of

Furberg (9). This value indicates that three ioﬁiziag events per ‘ .
molecule occﬁr:before complete disorder is produced in the crystal,

Part of the explanation for the greater resistacce to radiation déﬁage

in adecosine is probably due to the fact that a substantial fraction

of the molecular struéture is made up of an heteronuclear, cénjugéted
m-electron system. Because of the deloéalizatiof of the:outér shell
valence>e1ectrons, structures of this type are fglati&ely stable to
single-ele;tronvionizations (26).

‘The radiétion damage reported here for uranyl-acetate stained
catalase is almost certainly of a fundamentally different nature from
that which occurs in valine and adenosiné.‘ The electron exposure for
the complete fading effect is apﬁroximately three ordefs of magnitﬁdé
greater than for valine, and the calculated dose corresponds to
approxiﬁatsly fwo ionizing evénts'per cubic Xngstrb@r A reasonable
hypothesis concerniﬁg'thé‘observeﬂ radiation éamage ié.that a significant
portion of the matter within the unit cell of the structure changes to
some more stable configuration as a result of the electron irradiation,
This hypothesis would account for the changes in relative intensities
of the diffraction maxima that remain after irradiation. Evidently
the distribution of matter becomes more disorderéd'as well, since only
the lower-resolution Bragg reflections remain. This redistribution of : 1
matter probably includes a significant redistribution or aggregation
of stain molecules., It is also quite likely that the loss of specimen

mass, such as has been reported in the recent work of Williams and
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Fisher (39)}25tenn and Bahr (31), and in earlier experiments, might
contribute to Quéntitétive changes in the felativé diffraction inteﬂsitics.
Ihevelegtrbn fiux that 1eads‘t6 coﬁpiete disorder at é given
reSolﬁtiodfi§ sure1y_an upper limit to the time-intégrated current’
density; jt;.that is reasonable to Qée:in_resblviﬁgvstfuctﬁre at that
résolution,.'The meaSured values of. jt in turn'set‘é lower limit to
fhe produét:of’contrést énd.resolutibn,.which.must_bgiéxéeéded if
meaningful iﬁfqrmatiOn is to be 6btainedvabout the'original obje;t
structuré.f.it is useful to illustrate'this pqint by some examples of
"typiCél”_éaicglétions,‘using Eq. (2), 1If one assumes that £ = 1.0 (values
less tﬁan O;9iwouid be more precise), S/N = 5 (reasonable for visual
pefcéptioﬁ (23)') and a contrast equal to 0.1, then the best resolution

that one might expect, as a result of the limitations of radiation

~damage, is'approximatély 50 & for valine, 20 X for adenosine, and 1.6 e

for qrahyl-acetate stained catalase. For catalase the predicted "best
resolution” is in contradiction with the ¢riterion by which the cﬁrrent
density wés measured, which was that the diffraction pattern would fade
fo a Stabigvéonfiguration at a resolution of approximately, 25 8 to 30 &.
Clearly the lower bound calculated from Equation 2, which is cénc;rned
only witﬁ‘the.limitations imposed by the statistics of meQSuremént at

a predetermined particle flux, is in this case much too low. If a
particle fiux of 1 x 1017 electroﬁs/cm2 is used there.is no noticeable
effecﬁ uponvthe diffraction pa;tern'df catalase to-avrééolutibn of at
least 17 X.f In this case the Eest résolption that is compatible with

the statistics of measurement is 16 R, assuming the same parameters as

“before. This figure is a more reasonable estimate of the "probabie

best resolution" since it does not contradict the radiation-damage
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information derived from the diffréctiénvdata.

The'reéﬁlts obtained with’cfystalliﬁe catalaée éiso point to
anothef consequéﬁée of rédiatibﬁ damage,‘besides loss of resolution. I
At é partiéle}flﬁx‘of 1 x-1019 électféqs/cmzlthe aiffraction daté
extend to'avfesdlution of 25 X to 30'2, andvthé image coﬁtrast is
StatiStiéalI& Weilbdeterﬁined ét'this 1evé1;  Howev§r; é£ this and at
even 1§Wer're501uti§n§_£hé'image étrﬁc£utév$ti11 is pfbbably of.dOubtful
sigﬁificahCe:ﬂ‘THevreason for cbﬁcefn about thé vaiidity of_image
'iﬁfofmaﬁion a£'thé;ieVel 6f, say, 30 & £0'40_X iS‘that.thé intensities
of the reméiﬂing Bragg'reflectibns.havg ﬁndergoﬁé rélétivé changes.
This sdggesfs that é rédisﬁribution of métter has dbéufred'ﬁithin the
unit cell. TIf this is in fact the case, then>itfmust7be_cOnCIudéd 
that the'prééencevof peribdic Stfuétufe iﬁ tﬂe image»of.alcrystalliné
object is nbt:égfficieﬁt_évidénéé fﬁaﬁ‘tﬁé obSerVed:imége-featurés. 
are repreééntatiQe of the ofiginal objéét-stfucturé;' |

‘The 1imitations upon'resqlution r¢$u1ting frqﬁ radiation damage
that have beéh_ééiimated_abovevare.exaﬁpleé of wﬁatlis'to be exfected-
for cryst#liinevsﬁecimené and.bther stiuctﬁresvéf a‘$imilaf degree of
c0mp1exit§;'isingle molecules:thatVmightvbe.trapped, for example; in
a matrix'of_eQaporated éafbon qr_in.aﬁ inérf,gas hatrix,cpula ¢once£v—'

ably tolerate a significantly'gréater,dose of ionizing,radiation.'

4

This comment. supposes that ;he radiation chemistry of the_structﬁre{in

question is quite simple, as'fbf tﬁé‘exampie of a single "strand" of ' -
polyethylene considered by Stenn and Bahr (30). ' The prodﬁéts of |
radiolysis ﬁust be immobilized and must be 1argé enough:so that théy\

are not displaced significantly inﬁo interstitial positions of the
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matrix at the time of bond scission. It is not evident that these

types of conditioné could be achieved for a structure such as a

single méleéulei§f'avgldbﬁlaf protein, or for more ¢om§1eg structures.
'If is'insttuctive to énswer'the question as to why high resolution

ihforﬁ;tiénicah'be obtained with cfystailine Spécimeﬁé‘by‘elédtrqn

diffrégtion ét ﬁuchbléwer'1é§eis'of:illﬁﬁihationvfhan are heceésary

for diféCt'ihages{bbAé‘has been pointed out recéntiy.By”Bréédlbvé and

Tfamméi (3), thé;§ery'great‘§§atiél redun@aﬁcy éf ﬁhe objeét allowsi.

one to récotd«és many evéhtg'in tﬁe diff?éctipn’bétﬁefq aé.may be

necéésary, whiie fhé'frac;i¢n bf unit cells that experience an-ioniZiﬁg

event remains very small, For the purpose of diffraction work a

,Sufficiéntly largé crystal can be'veryﬁdearly as "gbdd"‘aftér a pattern

has been oﬁtéiﬁed'as it was before. When a crystal is iﬁaged, however,
oné fbrms‘éﬁ5image éf éach'idenfiéal'area of ﬁﬁe'spééimeﬁ.-‘ThuS.fof.
example'tbe'ééﬁe flux of”eleétréh irradiatiénﬁis uséd'if'the object
qontains 104'repeating units as wﬁén thé obiect is ? siﬁgie free--
standiﬁg ﬁoiecule. Thié'anaIYSis sﬁggests that spatial superposition
of statisticélly ndisy imageé might be a possibié method for obtaining
high resdigtion imagés.with 1bw amounts gf,radiétioﬁ déﬁagef ‘Stated
another ﬁay.the éuggestion is to reducgvthé aécepfable S/N_iﬁ the
original:reéord so_as_to decréasé the ééntréstéresolution product thét
ié compétible with the loﬁ raqiatioﬁ density,the yalﬁe_of_Which-is
in‘ﬁurn diqtated by.the Iimitétidn; of radiatioﬁ @amage. fSpatiai
averaéing 6f micrographs éficrystélline and ptﬁer ﬁigh1y prdér¢df
objects hés:sqmetimes been ﬁséa't§‘reduce épatiallnoise (21,22); but
oﬁly with imageé for ﬁhich the contrast ﬁas already-statisﬁiéally well

determined.
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: Other‘possible methods ofhninimizing the effect‘ofvradiation

damage have_élsovheen'considered;' (A) Image‘intensification”is of no

direct value, since theihrobleh cf image formationvatjlow intensities-’ .' i
is'basically one'of statistics_and”not of brightneSS; ‘Furthermore the
degree'ofvradiatron-danage'is'abbarently-not dose-rate dependent,iasv
shOWn by'the data in'figures l‘andbé, softhatvloneintensity microscopy
has no inherent'advantage. The degree of specimen heatiné'is aPparently
qulte low,vin'accordiwith'the'calculatedlriseAin”specimen tenperature
(30).‘.(3) High voltagevelectron microscopy doe's not'offer:any
substantial advantaée"as regards‘decreased radiat{on danage. :Figure Z
shows the'theoretically.eXPected indrease.in lifetime of a diffraction
pattern for a glyen current densrty at the sPec1men, assumlng that there
are no dose rate effects.v This curve, calculated by the use of Equatlon
ly'shows that the "spec1men 11fet1me 1ncreases byrless than-a factor :
of 3 between 100 kv and 1 MeV, after whlch 1t agaln slowly decreases

It is true that not all of the energy lost by the prlmary beam is
actually dep051ted in a thin Spec1men, because energetlc secondary
‘electrons can escape wrthout 1051ng all of thelr energy ‘Nevertheless
the ratlo of energy lost by the prlmary beam to -the energy deposrted

in the spec1men should not depend strongly upon the acceleratlng voltage
"hus the relative*speCimen lifetimes shown in the theoretical curves |
of Flgure 7 should corre5pond reasonably well to the experlmental
51tuatlon.. As has.been polnted out by Thomas, et al. (32), what 11ttle S
advantage that thehfactor of longer speCinen"lifetime might'offer_is |
essentlally lost again due to the poorer sen31t1v1ty of photographlc

emulsrons and fluorescent screens at the hlgher voltages. 1In considering
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the use ot.high yoltage:eleetronS'the faetor of'diminishing'elastic”
scattering eroesleeetions must also be taken into eonsideration.
©) Low'temperature sPecimen.stages designed for'operation at liquid
helium temperature have been suggested over the years as a p0551b1e
way to dlmlnlsh the yleld for radlatlon damage The prlmary bond |
sc15310n would not 1ike1y be reduced but the - cage effect of nelghbor-
ing atoms mlght keep the specimen structure - effectlvely "intact" at ar
resolution approach;ng one Xngstrom._ From'radloly51s studies it is-
thought‘that_the loSS,ofvhydrogen from'polyethylene'is net»ayoidedvby :‘
" going to helium temperaturei(24)r' Slnéehhydrogen-hydrogen contacts are
very°important in the.Structure'of organic-molecular‘solids, total
Speeimen‘dlsorder might well.result, even:at very 1ow.temperature, at
'doses that correSpond to a hlgh percentage loss of hydrogen 'The
fading of the dlffractlon pattern for crystalllne polyethylene is
'reported to be very.little'affected by Tow temperature, and this has
heen’interpreted to’' mean that Croes-linking in thrs material can still
Proceed'at teméeratures as low as ZOOK when the radiation dose is-
great enough to produce large concentratlons oflalkyl radicals (37)
There is some reason to hope, however, that other types of bond damage
suchvasquN bond'acission invpolypeptides might have leSS'of a  disrup-
tive effect upon the speeimen structurefat suchulow temperatures that
“the (massive) fragments dofnot have an eppreciablezthermal motion, In
the caae of heavy-metal stained specimens one’might also expect that
low temperatures w0u1dtinhlhit the apparent migration of.stain and
specimen mass-loss, thereby reducing'the spatial_disorder that accompanies».

electron irradiation.
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Flgure 1 Radlatlon damage of crystalllne 1 vallne 1n the electron
mlcroscope, at accelerating voltages of 80 kV and 500" kV. A line W1th
slope minus one indlcates a constant dose relatlonshlp for complete' h

fadlng of the dlffractlon pattern._

FigureTZQ‘ Radiation damage-of crystalline adenosine at an‘accelerating
voltage of 80 kv, Data are shown fOr'two'independent experiments, and
1n one of these the radiatlon sen31t1v1ty of valine was measured for

comparison.

Figureﬁﬁ.‘ The dlffractlon pattern of uranyl acetate stalned catalase
is shown (a) before any SLgn1f1Cant changes have occurred and (b) afterv
,‘1rrad1at1ng to a degree that no further changes occur. Reflectlons at
Bragg sPac1ngs of less than 25 X to 30 X are no 10nger v151b1e after .
thls extens1ve an. 1rradlat10n._ Data were taken at 75 kV by the three |

lens method (7N from a field approx1mate1y 10 mlcrons in dlameter.

Figure 4 'Representatine'cbanges inftbe low;order intensfties_of the
electron dlffractlon pattern of uranyl stalned catalase.‘ The dfffrac-v.
tlon pattern of the same crystal is shown. (a) before 1rrad1atlon -

~ (actual exposure was approx1mate1y 1016 electrons/cm2 at the spec1men),
(b) after 1rrad1at10n with 10 18 electrons/CmZ, and (c) after 1rrad1at10n .
with 3 x:1018 electrons/cmz.,_Data were taken by selected area

diffraction from a two micron diameter fieid at 80 kv.
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. Figﬁfé 5. 'Representa;iVe tﬁeqretiqél-curves_(cf;'EquatiOn-3) showing

the relationship between fractional bond damage  and resolution for

specifiedealuésAof.épntrést. 'Vélues bf the other parémeters chosen

for these sﬁécific curVéS'were'dE/dx = 4.5 x_'lO-2 ev/&, G = 3 events/

100 ev, 7 = 0.2, S/N =5, £ = 1.0.

FigUré 6. ‘A montage of the'diffra¢tidn pattern of'ufahyl acetate
stained catalase put together from’pattérns recorded with'different
exposure times so that all orders of the diffraction pattern are

visible above thevdiffuse backgroﬁhd. The nominalf(2,0,18).reflection

.occurs at a Bfagg spaciﬁg_of'B{Zix.v'The rélatibnship between the

supérficially orthbrhombic symmétry of the crystal and the true spéce

- group is:discusséd by;RéSsmann and'Labéw (29).

Figure'f;“ Theoretiéa1‘éufve sh6wing thevchénge in "radiation damage"
at different.acéelefAtihg vélfages. The ordinate, which is measured
in units rélative to the value at 100 kV,vreprééen£§ the time that is
requifédAtQ.deposit a given amoﬁnt of energy in a gi?en type of épecimeﬁ

when the current density is held constant at all voltages.
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Neither the United States, nor the Commission, nor any person acting on
behalf of the Commission:

A. Makes any warranty or representation, expressed or implied, with
respect to the accuracy, completeness, or usefulness of the informa-
tion contained In this report, or that the use of any information,
apparatus, method, or process disclosed in this report may not in-
fringe privately owned rights; or

B. Assumes any liabilities with respect to the use of, or for damages
resulting from the use of any information, apparatus, method, or
process disclosed in this report.

As used in the above, "'person acting on behalf of the Commission”
includes any employee or contractor of the Commission, or employee of
such contractor, to the extent that such employee or contractor of the
Commission, or employee of such contractor prepares, disseminates, or pro-
vides access to, any information pursuant to his employment or contract
with the Commission, or his employment with such contractor.
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