The Rough Grand Scheme toward a complete physical theory of cryo-EM
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We have recorded dose-fractionated electron cryo-microscope images of thin ﬁlms of pure ﬂash-froz
amorphous ice and pre-irradiated amorphous carbon on a Falcon II direct electron detector usi
300 keV electrons. We observe Thon rings [1] in both the power spectrum of the summed frames and t
sum of power spectra from the individual frames. The Thon rings from amorphous carbon images a
always more visible in the power spectrum of the summed frames whereas those of amorphous ice a
more visible in the sum of power spectra from the individual frames. This difference indicates that wh
pre-irradiated carbon behaves like a solid during the exposure, amorphous ice behaves like a ﬂuid wi
the individual water molecules undergoing beam-induced motion. Using the measured variation in t
power spectra amplitude with number of electrons per image we deduce that water molecules a
randomly displaced by mean squared distance of ∼1.1 Å2 for every incident 300 keV e ! /Å2. The induc
motion leads to an optimal exposure with 300 keV electrons of 4.0 e ! /Å2 per image with which to s
Thon rings centred around the strong 3.7 Å scattering peak from amorphous ice. The beam-induc
movement of the water molecules generates pseudo-Brownian motion of embedded macromolecul
The resulting blurring of single particle images contributes an additional term, on top of that from r
diation damage, to the minimum achievable B-factor for macromolecular structure determination.
& 2015 Published by Elsevier B

During electron irradiation
water diffuses
1 Å RMS in 1 e–/Å2

Causes Brownian motion
of imbedded proteins

1. Introduction

of the rings depend on the electron–optical parameters that d
scribe the image, principally the amount of defocus and astigm
tism. Thon rings from amorphous carbon are routinely used
adjust astigmatism and set the defocus of a microscope. Amo
phous ice has approximately one-half the density of amorpho
carbon but as oxygen atoms scatter more strongly than carbo
atoms [5] one might naively expect to see Thon rings of simil
strength from amorphous
ice and amorphous 2015
carbon.
Ultramicroscopy
In this paper we show that with the recently introduced CMO

During the 1980s, Dubochet and his colleagues [2,3] developed
a method for carrying out electron cryo-microscopy (cryoEM) of
biological structures embedded in thin ﬁlms of amorphous ice.
Their early work involved careful comparison of the conditions
needed to obtain thin ﬁlms of amorphous rather than hexagonal
or cubic crystalline ice [2]. The method they developed consisted
of 1.rapidly
freezing
of water,
or buffer
solution,
conFig.
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