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SUMMARY
Electron cryotomography (cryoET), an electron cryomicroscopy (cryoEM) modality, has changed our under-
standing of biological function by revealing the native molecular details of membranes, viruses, and cells.
However, identification of individual molecules within tomograms from cryoET is challenging because of
sample crowding and low signal-to-noise ratios. Here, we present a tagging strategy for cryoET that precisely
identifies individual protein complexes in tomograms without relying on metal clusters. Our method makes
use of DNA origami to produce ‘‘molecular signposts’’ that target molecules of interest, here via fluorescent
fusion proteins, providing a platform generally applicable to biological surfaces. We demonstrate the spec-
ificity of signpost origami tags (SPOTs) in vitro as well as their suitability for cryoET of membrane vesicles,
enveloped viruses, and the exterior of intact mammalian cells.
INTRODUCTION

Electron cryotomography (cryoET) is a modality of electron cryo-

microscopy (cryoEM)where a series of tilted electronmicroscopic

images of a frozen, hydrated specimen are computationally com-

bined into a three-dimensional (3D) volume. Because no aver-

aging is needed for 3D reconstruction, it is especially well-suited

to studying pleiomorphic biological structures such as cells, vi-

ruses, and membrane vesicles. CryoET is routinely used to reveal

molecular details in complex biological systems (Weber et al.,

2019), including eukaryotic cellular structures, such as the Golgi

(Engel et al., 2015), nuclear pores (von Appen et al., 2015), coat

protein complex I (COPI) (Bykov et al., 2017), caveolae (Stoeber

et al., 2016), and retromers (Kovtun et al., 2018) and events

including trafficking (Grange et al., 2017), translation (Pfeffer

et al., 2017), and virus entry (Maurer et al., 2008; Strauss et al.,

2015). With sufficient numbers of repeating biological features,

sub-volume averaging can be used to improve the resolution of

these structures (Schur, 2019), sometimes to sub-nanometer res-

olution (Bykov et al., 2017; Kovtun et al., 2018; Schur et al., 2015,

2016). The resulting higher-resolution structures can then be

plotted back into the original tomogram, providing additional in-

formation about molecular organization.

In cryoET, electrons are scattered directly off the native atoms

in the biological sample without stains or resin embedding. As a
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result, every molecule in the sample contributes to the images

and reconstructed volume. In crowded biological environments

it is often difficult to identify small features of interest or those

without a distinct appearance, especially without prior structural

information. Correlative methods, such as a combination with

cryogenic fluorescence microscopy (cryoCLEM) (Wolff et al.,

2016), can be used to identify regions or events of interest. How-

ever, technical challenges, including required laser powers and

objective lens design, inhibit the widespread use of super-reso-

lution cryoCLEMmethods. At best, the localization precision un-

der cryogenic conditions is currently around 50 nm (Schellen-

berger et al., 2014), insufficient to resolve individual molecules

in most cases.

Because of these challenges in identifying features of interest,

tagging plays an important role in biological electron micro-

scopy. Several tags have been used with traditional fixed and

stained samples, including mini Singlet Oxygen Generator (min-

iSOG) (Shu et al., 2011), metal-tagging transmission electron mi-

croscopy (METTEM) (Risco et al., 2012), metallothionein

(Morphew et al., 2015), FerriTag (Clarke and Royle, 2018), and Vi-

per (Doh et al., 2018), but none of these methods are suitable for

frozen hydrated samples. A smaller number of tags have been

proposed or used for cryoET, including ferritin protein fusions

(Wang et al., 2011) and ‘‘native’’ immunogold labeling (Bos

et al., 2014; Yi et al., 2015). Ferritin, when genetically fused to
ublished by Elsevier Inc.
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