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Summary

Molecular machines, such as polymerases, ribosomes or proteasomes, fulfil complex tasks 

requiring the thermal energy of their environment. They achieve this by restricting random 

motion along a path of possible conformational changes. These changes are often directed 

through engagement with different cofactors, which can best be compared to a Brownian ratchet. 

Many molecular machines undergo three major steps throughout their functional cycles, including 

initialisation, repetitive processing, and termination. Several of these major states have been 

elucidated by cryogenic electron microscopy (cryoEM). However, the individual steps for these 

machines are unique and multi-step processes, and their coordination in time is still elusive. To 

measure these short-lived intermediate events by cryoEM, the total reaction time needs to be 

shortened to enrich for respective pre-equilibrium states. This approach is termed time-resolved 

cryoEM (trEM). In this review, we sum up the methodological development of trEM and its 

application to a range of biological questions.
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Graphical Abstract

eTOC blurb

In this Review article, Amann et al. discuss the state of the art in time-resolved cryoEM and how 

it advanced during the last three decades. They focus on the molecular mechanisms of processive 

molecular machines and how time-resolved cryoEM can be applied for the investigation of their 

conformational complexity.

Introduction

Most cellular processes are driven by macromolecular assemblies made of proteins and 

nucleic acids often termed molecular machines. These proteins evolved in a way that random 

noise energy of the environment powers specific conformational changes along a restricted 

path, often directed by chemical energy in the form of nucleotides, to achieve various 

complex tasks. These tasks are for instance nucleic acid or protein synthesis as well as 

protein degradation, the assembly or disassembly of larger cellular structures or the transport 

of larger assemblies through the cell 1–4. In an abstract view one can distinguish three 

major steps that are consecutive in terms of the canonical work cycles of many processive 

molecular machines. From this perspective the machine is initialised by recognizing the 

target. Secondly, a mostly repetitive productive cycle achieving the main task follows. 

Finally, the reaction stops in some sort of termination. While this simplistic view does 

not apply to every molecular machine, it is true for many involved in important cellular 
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processes such as the ribosome, the RNA polymerase, the spliceosome, the proteasome, 

motor proteins such as dynein, large enzyme complexes like the Anaphase-Promoting 

Complex or the fatty acid synthase and even chaperones like GroEL 1–3,5–8. The individual 

steps in the processes carried out by these machines are themselves complex multi-step 

processes and are unique for any of these machines. Nevertheless, almost every step will 

involve either the dissociation or binding of a new partner, or a conformational change. In 

most cases, while we often have a higher-level understanding of the necessary steps and 

their order as well as the components involved, the precise interactions and how these are 

coordinated in time is still elusive. This is especially evident when we try to assign functions 

to individual domains or subunits of molecular machines. Few subunits/domains within the 

proteome can be clearly assigned to a specific catalytic activity, most domains therefore get 

attributed to serving a as so-called “scaffolds”. In reality, it is probably more likely that at 

least some of these subunits have some secondary role in acting as hinges or transducers 

of long-range conformational changes. We have not yet been able to either systematically 

describe or predict these more subtle roles.

A reason for our lack in understanding is of course the very different modes through which 

molecular and macroscopic machines act. While all macroscopic machines behave in a 

deterministic manner, molecular machines behave stochastically. This means that many of 

the movements seen in molecular machines may not be productive and do not contribute to 

the overall productive cycle. However, despite their stochastic nature they are intrinsically 

biased towards a productive outcome, meaning that while they constantly step forward and 

backward the net direction is forward. This is especially evident at the different scales of 

sensitivity attainable through various biophysical measuring techniques. While almost all 

molecular machines look like very productive directed machines at the second time scale, 

they look very stochastic at the micro and millisecond time scales 9.

To understand the basic physical mechanisms underlying molecular machines, we need 

to access the short time scales in which stochastic movements occur. So far, these time 

scales have only been accessible for fast kinetic measurements that usually give limited 

structural information 10–17. For the complete understanding of a molecular machine, we 

require a complete understanding of the structural changes within the complex. In an 

ideal scenario, we would be able to visualize the conformational movement of any given 

molecular machine in full structural detail during its productive cycle. In this review, we 

discuss recent advances in cryoEM that allow for a biochemical and structural depiction of 

molecular machines through a single set of experiments.

Many processive molecular machines follow a repetitive cycle

The best studied molecular machines are probably those that are involved in the life cycle 

of proteins, i.e., the machines that carry out the central dogma of molecular biology. 

Still, despite this process being intensively characterized structurally and functionally, we 

are yet to pinpoint a consecutive work mechanism involving its many parts. To this end, 

structural insights of these machines in action are especially necessary. In this section, we 

will concentrate our discussion on our current understanding of four processive molecular 
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machines and their timing of processing substrate, as trEM might prove especially useful in 

the investigation of these complexes.

As stated above, the actions of many processive molecular machines can be distinguished 

into an initialization, processivity and termination phase. While the processivity phase takes 

the longest time, it is also the most repetitive pattern and thus experimentally harder to 

grasp. Protein synthesis starts at transcription with the RNA polymerase II (Pol II) being 

responsible for the transcription of pre-mRNA in eukaryotic cells (Figure 1A). Prior to 

transcription, Pol II needs to be initialized on the DNA by multiple factors. For the canonical 

pathway, TFIID recognizes the TATA box on the DNA leading to the loading of TFIIB 

and TFIIF bound Pol II. Furthermore, TFIIE and TFIIH are incorporated to form the 

pre-initiation complex 18. This will happen on a time scale of seconds. After a licensing 

event, a processive elongation cycle starts at an average rate of 60-70 nt/s 19. This means 

that transcription of a gene may be ongoing for many minutes to a few hours. Ultimately 

transcription will terminate through one of several different pathways. This again most likely 

happens on a per-second time scale, but exact times are not yet conclusively measured.

After, or already during the transcription, splicing of the pre-mRNA is carried out by the 

eukaryotic spliceosome to remove introns (Figure 1B). snRNPs U1 and U2 interact with an 

intron and incorporate the tri-snRNP U4/U6.U5. The 5’ splice site is transferred from U1 to 

U6 leading to the unwinding of the U6 snRNA by the U4 snRNA. The U6 snRNA then folds 

with the U2 snRNA into a complex that stabilizes the hydrolysis of the 5’ splice site by a 

lariat intron formation between the 5’ and a downstream adenine. The 3’ splice site is then 

positioned in a way that it is accessible by the free 3’ hydroxy group of the 5’ splice site 

for a nucleophilic attack, resulting in the excision of the lariat intron and a mature mRNA 
7. The timing of splicing is not clear as measurements between 15 s and 15 mins exist 20. 

However, as transcription itself is in most cases slower, splicing is not rate limiting for gene 

expression.

The final step of protein expression is translation of mature mRNA carried out by the 

80S ribosome (Figure 1D). For the initiation of translation, Met-tRNA in complex with 

GTP-eIF2 is brought to the 40S ribosomal subunit with eIF5, −3, −1 and −1A forming the 

43S preinitiation complex (PIC). Mature mRNA is unwound and brought into a closed loop 

by the eIF4 complex interacting with both the 5’ cap and the 3’ tail which is then recruited 

to the 43S PIC. eIF1 and −1A are bound to the A and P site that allows mRNA binding 

in the 40S cleft and the scanning which requires ATP hydrolysis for 43S PIC movement 

along the mRNA until the AUG start codon is at the P-site interacting with the Met-tRNA 

anticodon. Upon that, eIF1 relocates and stabilizes GTP-eIF2 in a way that favours GTP 

hydrolysis, resulting in the release of GDP-eIF2 and eIF5 and the recruitment of GTP-eIF5B 

that favours the joining with the 60S ribosomal subunit. Hydrolysed eI5B bound to GDP 

is released together with eIF1A and leads to the formation of the 80S ribosome that can 

begin with the translation 21. This process is indicated to take between 4 and 240 s 22 and is 

followed by a processive elongation cycle that add about 6 amino acids per s 23.

At the end of the life cycle of a protein, the 26S proteasome is responsible for the 

degradation of ubiquitinated proteins with a loosely folded domain in eukaryotes (Figure 
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1C). Four different main conformational states have been identified during substrate 

processing using cryoEM that encompass a rotation and a tilting of the regulatory particle, 

both thought to be a prerequisite for substrate deubiquitination and degradation 24–27. FRET 

and fluorescence anisotropy analyses showed that the loosely folded domain insertion into 

the central pore, lid rotation, and deubiquitylation takes around 1.6 seconds, 0.6 seconds, 

and 4.6 seconds, respectively. The remaining unfolding and degradation progresses at a rate 

of around 10 amino acids per second 12.

In all these cases, the three main steps (initiation, processing, termination) are happening 

on a second time scale which makes them accessible to many modern techniques. However, 

substeps such as individual elongation steps or conformational changes during initialisation 

will happen on shorter time scales in the range between 100s of microseconds and 10s of 

milliseconds. To measure these events by any biophysical method, special apparatuses such 

as stopped-flow devices or microfluidic chips need to be used to reduce the reaction time to 

a minimum.

Solutions of biochemical macromolecules are shock-frozen in cryoEM

Transmission electron microscopy (TEM) is a powerful method used to analyse structures 

of soft matter. CryoEM in particular can resolve structures of biological macromolecules 

such as proteins in near-native states to high resolution 28. Though strongly dependent on the 

protein, it is possible to resolve structures from several angstroms up to atomic resolution, 

which two recent cryoEM studies achieved with the highly symmetric apoferritin 29,30. 

Cryo-grid preparation relies on the fixation of macromolecules in a thin film of frozen 

buffer, while preserving a near-native structure. Therefore, pure samples need to be frozen 

rapidly on grids that usually are made of a copper mesh or other metals, coated with 

holey carbon 31. To retain the structural integrity of the particles, the surrounding water 

in the solvent must not crystalize during freezing but instead form a thin vitreous layer. 

This requires a quick cooling step to ensure that the solvent remains in an amorphous and 

non-crystalline state 32. Conventionally, this is achieved by blotting a grid that is covered 

with sample using a filter paper to remove an excess of solvent. This is followed by rapidly 

plunging the grid into a container of liquid ethane at around 90 K in a bath of liquid nitrogen 
33.

Energetically stable conformational states dominate in conventional cryoEM

To achieve high-resolution structures in X-ray crystallography, the proteins need to be grown 

in rigid, highly ordered, three-dimensional crystals, whereas for single particle cryoEM, 

the proteins are vitrified in a near native state 32–34. This difference in sample preparation 

not only circumvents the tedious work of growing protein crystals but also allows the 

observation of proteins carrying out biochemical reactions when they are mixed with their 

substrates and necessary cofactors. In TEM, the structural information of single molecules is 

encoded in their 2D projections 35. Through computational analysis 3D maps that represent 

an average of the entire dataset can be retrieved from these 2D projections. The population 

of single particle 2D projections is usually not homogeneous and consists of subsets of 

particles in different conformational or compositional states during a biochemical reaction. 
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These subsets can be identified by state-of-the-art sorting techniques, which themselves can 

be resolved to consensus 3D maps that represent the different conformational states 36–40.

Many biochemical reactions progress in a multistep manner, for example substrate 

recognition, processing, and release 41–48. In a cryoEM dataset of a multiple turnover 

reaction in equilibrium, particle subsets of the most energetically stable conformational 

states are predominant, as reaction progression is slowed down by higher energy barriers. 

As a result, particle subsets in transient states that are often very short-lived are heavily 

under-represented which renders a 3D reconstruction of such states nearly impossible.

Energy landscapes reconstructed from equilibrium lack procedural information

The preparation and imaging of cryoEM grids yields 2D projections of particles usually in 

the range of 105-107 images that can be used for further processing. Generally, the sample 

will be in a thermodynamic and kinetic equilibrium state at room temperature and thus 

the population of particle images will represent the distribution of conformational states 

under these conditions. However, the representativeness is limited by interactions induced 

by sample preparation. Notoriously, protein absorption at the air-water interface has the 

potential to skew the distribution of conformations in comparison to conditions in vivo 49–52. 

Keeping these limitations in mind, cryoEM still provides a powerful tool for the analysis of 

conformational dynamics, especially when complemented with biochemical or biophysical 

experiments 43,53–57. Through modern computational approaches, one can disentangle the 

conformational states of the individual particles and thus approximate reaction coordinates 

of the conformational space from particle images and use these to construct so-called 

energy landscapes 25,36,38,43,54,58,59. Such landscapes map conformational states to their 

potential energy resulting from their thermodynamic distribution and can be interpreted 

to infer possible pathways and intermediate states a macromolecule goes through 60. 

Notwithstanding, energy landscapes are purely a representation of probabilities of a 

molecule being in a particular state, not of their probability of changing from one state 

into another 43. Thus, they lack any kind of directional or procedural information. This 

means that any interpretation is based on assumptions of the behaviour of the complex 

and needs to be validated by additional time-resolved experiments. In energy landscapes, 

the transient states of a conformational mechanism might not be visible at all or appear as 

energy hills due to their low probability in equilibrium, independent from their importance 

in understanding the mechanism. These limitations call for the need to resolve discrete 

time steps in cryoEM, which gives us the probability of a molecule being in certain 

conformational state at a specific timepoint of a reaction. This allows us to make informed 

interpretations of possible pathways.

Time-resolved cryoEM allows for assessment of the directionality of energy landscape 
trajectories

In X-ray crystallography molecules are trapped in a specific conformational state by 

crystallisation. Adding compounds such as substrates, cofactors or drugs, can lead to 

the enrichment of other conformations. However, these compounds stabilise a specific 

conformation, rendering a majority of states inaccessible with this method. Time-resolved 

cryoEM aims at shifting the conformational distribution towards intermediate states of a 
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biochemical reaction by capturing a pre-equilibrium time point precisely after the reaction 

was initiated. This is achieved by sufficiently reducing the reaction time in a controlled 

manner before vitrification. This increases the probability of a particle being in the 

state of question, ideally allowing for 3D reconstruction. In conventional cryoEM sample 

preparation, the minimal reaction time that can be achieved is limited by the blotting 

and plunging steps of the grid which add up to several seconds 41,43,48,59,61. However, 

many biochemical reactions have interesting but structurally unresolved initial or early 

intermediate states or interactions with lifetimes in the micro- to millisecond range upon 

mixing of the reactants 62–67. Therefore, novel grid preparation methods that minimize the 

total reaction time of biochemical reactants need to be developed.

Time-resolved cryoEM

Since the mid 1990s, several methods have emerged that aim to increase the temporal 

resolution of trapping biochemical reactions on cryoEM grids to fractions of a second 

(Figure 2). Most of these methods follow an approach that uses sprays to deposit the 

sample on a grid that is plunged into liquid ethane for vitrification. The reactants are either 

mixed and sprayed on a grid or one reactant is sprayed on a grid that is already covered 

with a solution of the other reactant 50,68–73. Since these methods omit the blotting step, 

which removes excess solvent, the volume of sprayed sample needs to be sufficiently low 

and should spread evenly so that the ice thickness is thin enough for TEM imaging 74. 

Other approaches make use of chemically caged cofactors that can be activated upon laser 

flash photolysis 75,76, or involve laser-induced melting of the vitrified sample followed by 

immediate re-vitrification 77,78. Tables 1 and 2 give an overview of the different techniques 

that have been proposed.

Manual Time-resolved cryoEM in the seconds to minutes range

The simplest way to achieve time-resolved cryoEM is the usage of a conventional blotting 

and plunge freezer system and a timer to achieve a specific incubation time (Figure 2A). 

However, this limits the utilisation of this method only to very slow biochemical processes 

that do not reach equilibrium before one to ten seconds 43,59,61. To mitigate this, the method 

is often combined with reaction speed decelerating measures such as a lowered incubation 

temperature or specific inhibitors that can block the biomolecules at a specific state 41,43,48.

Gas-assisted atomizer

The first generation of specialised trEM sample preparation devices aimed to control and 

minimize the total reaction time of two compounds by using a gas-assisted atomizer that 

sprays droplets containing one component onto a grid containing the other component in a 

thin aqueous film (Figure 2B). The droplets that impinge on the liquid film spread rapidly 

over the surface as a result of surface tension. This approach limits the minimal reaction 

time to the duration of of the plunge-freezing step with achievable time resolutions of 

1-100 ms proposed. To demonstrate the mixing capabilities of this approach, crystallized 

acetylcholine receptor tubes and Ferritin were colocalized and actomyosin disassembly at 10 

ms after the addition of ATP was observed which was shown to be in line with stopped-flow 

light scattering measurements 68,73. Furthermore, this method was used to study transient 
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states such as the channel-opening and gating movement of the Acetylcholine receptor upon 

the addition of Acetylcholine 79,80.

Voltage-assisted sprays

The second generation of trEM sample preparation devices followed the same principle as 

the first generation but focussed on increasing the quality of the produced grids in order to 

increase the amount of collectible area for single particle analysis. The gas-assisted atomizer 

was replaced by a 7 kV electrospray that reduced the sprayed droplet size to less than 1 μm 

which led to a 10-fold increase in the number of droplets that impinge on the pre-applied 

liquid on the grid (Figure 2C). To show the mixing capabilities of this generation of devices, 

BSA-conjugated 10 nm gold fiducials were sprayed on top of pre-applied F-actin and an 

ATP-dependent actomyosin disassembly was once again observed. To prove that folded 

proteins retain structural integrity by the electro-spray, Apoferritin, E. coli ribosome, and 

Porcine cardiac thin filaments were 3D refined to 3.6, 4.3, and 5.6 Å resolution, respectively 
70,72.

Microfluidic mixing

The first two generations of time-resolved grid preparation devices were mainly based on 

spraying one reactant onto a second to initiate a biochemical reaction. This approach limits 

the mixing capability to the diffusion rates of each sample. The third generation of trEM 

mixing devices (Figure 2D) relies on microfluidic silicon chips that incorporate mixing units 

and a gas-assisted sprayer outlet to achieve mixing times in the range of a few milliseconds 
47,71,81. The mixing capabilities of these chips have been shown by the colocalization 

70S ribosomes and ferritin, as well as fluorescence microscopy of nanoparticles and CFD 

simulations 50,82. Lu et al. suggested the integration of delay lines between the mixing and 

spraying of samples to vary the total reaction times which was implemented in practice by 

Mäeots et al. Using chips with different retention times after mixing, they were able to show 

the time-dependent filament growth of RecA when mixed with single-stranded DNA and 

ATPγS 71. To show that proteins survive this rapid mixing, the 70S ribosome and apoferritin 

were 3D refined to 18.9 and 2.8 Å, respectively 50,71. Despite possibly having the best 

mixing capabilities, the microfluidic chips proposed so far require high amounts of sample, 

which limits their usage to proteins that can be purified in large amounts. The method also 

poses challenges for single molecule processing as the collectible area on grids is fairly 

limited, resulting in low particle counts 47,50,71,81.

Inkjet-based sample application

All aforementioned trEM mixing devices consume fairly high amounts of sprayed sample. 

To address this, the Carragher lab is developing the fourth generation of trEM mixing 

devices using piezo assisted jets (Figure 2G). These work in similar fashion to inkjet printers 

to deposit samples in the nanolitre range onto an EM grid 83. To further improve the 

ice quality of EM grids, the inkjet technology was combined with so-called self-wicking 

nanowire grids. These grids contain nanotubes on the grating around the grid squares which 

wick away excess solvent, leaving only a thin layer of liquid before freezing 74,84. By 

stacking two jets on top of each other and spraying a different sample from each onto 

a plunging grid, samples can be mixed and vitrified within 90 ms. Using this device, 
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the assembly of 70S ribosomes was monitored upon mixing 30S and 50S ribosomal 

subunits it was possible to refine the assembled 70S ribosome to 4.75 Å spatial resolution. 

The calcium-gated potassium channel MthK was mixed with Ca2+ and the Ca2+-bound 

conformational state of MthK was observed. In another experiment, RNA polymerase was 

mixed with DNA and their interaction could be seen after 2D classification of the particle 

images. After mixing of GTP with dynamin decorated lipid tubes, the constriction of the 

latter could be observed 69.

Flash-photolysis of caged reactants

While sample application via different forms of sprays brings several advantages, it also 

comes with negative side effects. Multiple hydrodynamic and physicochemical parameters 

must be controlled in order to monitor droplet size and mixing and, depending on the 

method used, some of these parameters might elude control. A first attempt to have a fully 

mixed solution of reactants while maintaining control over the reaction time was proposed 

by Ménétret et al. by using the actin-myosin S1 complex in conjunction with biologically 

inactive but photoactivatable “caged” ATP 75. The method consists of holding an electron 

microscopy grid in a guillotine-type setup commonly used in rapid freezing, where the 

reactant mixture is applied on the grid and blotted. During the plunging step, the grid falls 

through an area illuminated by a flash lamp which causes the caged compound to become 

bioactive via photolysis. The reaction time is controlled by varying the distance that the 

grid travels after photolysis and before the grid is immersed in the cryogen (Figure 2F). 

With this setup, Ménétret et al. report a minimum reaction time of 20 ms and claim to 

resolve timesteps with 10 ms precision, although a detailed description of how the reaction 

time was adjusted and monitored is lacking. A similar device was successfully used to trap 

transient states of bacteriorhodopsin in cryo electron diffraction crystallography experiments 

by Subramaniam et al. 85,86. However, the protein in question is intrinsically sensitive to 

photons and caged cofactors were not used. Building on the works of Ménétret et al. and 

White et al., Shaikh et al. have implemented a time-resolved rapid freezing apparatus using 

flash photolysis and sample application by either quench-flow or electrospray 72,76. In their 

characterization studies, they have shown that the flashing step heats bare copper grids 

by more than 40 K, making it necessary to use custom-made grids to mitigate structural 

damage to protein complexes induced by thermal energy while maintaining optimal imaging 

conditions for single particle analysis. Shaikh et al. have investigated two further case 

studies in addition to the caged ATP used by Ménétret et al., namely caged GTP and caged 

calcium, which play a role in several biochemical processes in their uncaged states 76. 

However, no conformational change of a macromolecule was investigated in the work in 

question. While flash photolysis represents an elegant answer to many problems in trEM, 

it can only be applied to processes where cofactors can be obtained in a caged form 72,76. 

Furthermore, the method poses another challenge by inducing temperature rises in the order 

of 8 K even when using the adapted grids 76. Recently, Yoder et al. have demonstrated an 

accessible device for flashing and plunging cryoEM grids which might serve as a base for 

future time-resolved experiments 87.
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Rapid melting and revitrification

Another unconventional approach to overcome the shortcomings of spray-based trEM has 

been proposed by Voss et al. (Figure 2E), who suggest the rapid in situ melting of 

the vitrified grid using a laser, followed by a sufficiently fast revitrification within the 

environment of the cryo electron microscope itself 78. Controlling the laser power and pulse 

duration, a localized portion of the grids’ gold film is heated, inducing the melting of 

the adjacent ice to room temperature which remobilizes the molecules in question for the 

duration of the laser pulse. The implementation of this method requires the modification 

of a cryo-capable TEM by adding lasers and control hard- and software for heating of 

the sample and pulsing of the electron beam 88. In their study, Voss et al. show that the 

heating and cooling dynamics of vitrified water on a gold cryoEM grid are sufficiently 

fast to melt and revitrify within 1.2 μs and 3.6 μs respectively, allowing for a theoretical 

temporal resolution of 5 μs. The method has been controlled by inducing irradiation damage 

onto GroEL and monitoring its consecutive disassembly. While the approach suggested by 

Voss et al. is significantly faster than other trEM methods reviewed in this article so far, no 

native molecular dynamics have been examined with it and the method must be combined 

with some form of controlled mixing, flash photolysis of caged components or another 

external trigger for the mechanism of interest. The requirement to modify or custom-build a 

cryo-capable TEM to use the method might prove prohibitive for many groups.

Applications of time-resolved cryoEM in Biology

Manual time-resolved cryoEM sample preparation in the seconds to minutes range

Among the multiple methods for trEM, only two have so far been used to answer biological 

questions. Unsurprisingly, the manual preparation in the seconds to minutes range is one 

of these methods since it only requires a common blot plunge freezing system for cryoEM 

sample preparation 33. The prokaryotic 70S ribosome can easily be purified in high yields 

by gradient centrifugation and can be refined to high resolution in cryoEM without much 

effort, making it an often-used system for trEM 89–91. During translation elongation, two 

tRNAs, the peptidyl-tRNA and the deacetylated tRNA move from the A- and P-sites to the 

P- and E-sites of the 70S ribosome by a ratchet-like movement of the 30S subunit 92–94. 

In absence of the elongation factor EF-G, this tRNA translocation can also occur in the 

reverse direction (retro-translocation), which is traceable within minutes 95. Fischer et al. 

initiated retro-translocation on a 70S post-translocation complex containing a peptidyl-tRNA 

in the P-site by adding a deacetylated tRNA and collected a time series of this reaction 

in the minute range using cryoEM. This allowed them to trace the tRNAs moving through 

the ribosome. Five pre-translocation states of which three states contain tRNAs in hybrid 

positions and three post-translocation states following the ratchet-like movement of the 30S 

subunit were identified. The change in distribution of the pre- and post-translocation states 

over time allowed the authors to determine the overall retro-translocation rate of 0.8 ± 0.1 

min−1 43.

The forward-translocation step of the tRNAs and mRNA in prokaryotic 70S ribosomes is 

favoured by the GTPase elongation factor EF-G 96. Petrychenko et al. as well as Carbone 

et al. demonstrated how EF-G catalyses this translocation, using trEM in the seconds range 
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in combination with measures that slow the reaction down, as the system would otherwise 

reach equilibrium within milliseconds 41,48.

Petrychenko et al. combined trEM sample preparation within 10 s from mixing to plunging, 

a reaction temperature of 4°C, polyamines, and apramycin, an antibiotic that inhibits the 

tRNA movement from the A- to the P-site, all with the aim of enriching for species in 

the early steps of translocation. The timepoint where GTP-hydrolysis has occurred but Pi-

release is ongoing was chosen based on stopped-flow data under the same conditions. This 

allowed for the visualization of EF-G in its GDP–Pi- and GDP-bound states on translocating 

ribosomes. In the GDP-Pi form, EF-G stabilizes the rotated conformation of ribosomal 

subunits, while EF-G is repositioned upon Pi release such that it favours the rotation of the 

ribosomal subunits and a movement of the 30S head resulting in tRNA translocation 48.

Carbone et al. recorded a time series after incubation on ice for 0, 25 and 3600 s prior 

blotting and plunge freezing, but without the addition of any chemical inhibitors. Eight 

structures representing different states during ribosomal tRNA translocation were classified. 

The population of pre-translocating particles decreased over time, whereas the population of 

post-translocating particles increased. EF-G bound intermediates were only identified at the 

25 s reaction timepoint, featuring three conformations. Throughout these conformations, the 

tRNAs translocate from the A/P, P/E to hybrid sites, accompanied by a shift of EF-G along 

the 30S subunit 41.

Manual trEM sample preparation was not only used for investigating the 70S ribosome 

translation. Another system examined is the loading of the MCM helicase double hexamer 

onto DNA by the origin recognition complex (ORC), a prerequisite for the bidirectional 

DNA replication 97,98. By analysing a reaction time series of 2, 6 and 20 minutes, 

novel intermediate steps during the formation of the double hexamer were identified by 

2D classification. ORC recruits the first MCM hexamer by interacting with the MCM 

C-terminus which allows the interaction of a second ORC at the MCM N-terminus. The 

latter is now oriented in the direction where it can recruit a second MCM hexamer in an 

inverted orientation 61.

Using manual trEM in the tens of seconds to minutes range, Zhang et al. studied substrate 

processing of the 26S proteasome in presence of USP14 99. USP14 is a deubiquitinase 

that transiently associates with the 26S proteasome. It catalyses the removal of ubiquitin 

chains on substrates until a single chain remains 100. Zhang et al. could not identify 

USP14-associated 26S proteasome subsets in supposed conformational states where Rpn11 

hydrolyses ubiquitin chains. However, USP14 was associated to the 26S proteasome during 

conformational states representing substrate unfolding, indicating that USP14 might lead to 

an alternative pathway of substrate deubiquitination during degradation 99.

Time-resolved cryoEM sample preparation in the millisecond range

Microfluidic mixing chips are the second method that has been used to study biological 

questions with trEM to this point. These chips provide excellent mixing of two compounds 

and allow to investigate reactions in the range of tens of milliseconds 71. As they require 

high sample volumes in ranging from tens to hundreds of μL per grid and samples need to 
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be at higher concentrations than for conventional cryoEM grid preparation, the only system 

studied so far using microfluidic chips is the E. coli 70S ribosome.

The initial step of translation, the association of the 30S and 50S ribosomal subunits to form 

the 70S ribosome was the subject of the first two studies that tried to answer biological 

questions using trEM in the millisecond range. The 70S is held together by 12 to 14 

inter-subunit bridges which can break and reform for certain ribosomal functions 94,101.

Shaikh et al. used microfluidic chips to acquire cryoEM datasets of mixed 30S and 

50S subunits with incubation times of either 9.4 or 43 ms and in equilibrium. For both 

pre-equilibrium datasets, 3D reconstructions only show 8 out of 12 inter-subunit bridges, 

although all 12 were formed in the reassociated 70S of the experiment at equilibrium. This 

suggests that the missing bridges are formed after 43 ms 102.

Unfortunately, the resulting 3D maps of this study have a spatial resolution in the range 

of 23-33Å, limiting structural interpretation of these interactions. Chen et al. repeated this 

experiment with a focus on improved cryoEM grid quality. The implementation of an 

environmental chamber and the improvement of the gas pressure to produce ideal sprayed 

droplet sizes were done to this purpose. Based on ribosome association kinetics derived 

from light-scattering studies, reaction times of 60 ms, 140 ms, and the time required to 

reach equilibrium were chosen 103. The observed proportion of the associated 70S particles 

in the set of all particles containing 50S increased over time, even though slower than 

expected from the kinetic simulation. Three different associated ribosome conformations 

were identified, a non-rotated 70S, a non-rotated 70S with a swivelled 30S head and a 

rotated 70S ribosome. The observed proportions of these conformations were the same 

after 60 and 140 ms, indicating that associated ribosomes equilibrate before 60 ms after 

association. The three conformations were 3D refined to 9-12Å spatial resolution and the 

inter-subunit bridges that were missing in Shaikh et al. were found in all three of the 

timepoints 42,102.

The 70S initiation complex (70S IC) is formed upon the joining of the 50S ribosomal 

subunit to a 30S subunit containing an mRNA and initiator tRNA. This is promoted by 

initiation factors that must dissociate from the 30S subunit before the formation of the 70S 

elongation-competent complex (70S EC)104. Kaledhonkar et al. used trEM in the range of 

tens to hundreds of milliseconds to investigate 70S ribosome association, the dissociation of 

the initiation factors IF2 and the positioning of the initiator tRNA during the formation of 

the 70S EC complex 46. The reaction times of 20, 80, 200 and 600 ms were chosen based 

on a kinetic model with rate constants from literature where the 70S IC with GTP- or GDP-

Pi-bound IF2 is most populated after 150 ms and the formation of the 70S EC is complete by 

approximately two thirds after 600 ms 105. The resulting population distributions of the 50S, 

70S IC and 70S EC followed the predictions of the kinetic model, where the 50S population 

decreased and the 70S EC increased over time. The 70S IC population has reached its 

maximum after 80 ms and IF2 has dissociated from the major 70S IC population after 200 

ms throughout 600 ms. Following dissociation of IF2, the 70S IC is not stabilized anymore 

in a semi-rotated state and the 30S subunit rotates reversely into the 70S EC state, becoming 

ready for translational elongation 46.
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At the end of translation by the 70S ribosome, the mRNA signals termination via the stop 

codons. The stop codons in the A site leads to the recruitment of release factors (RF) that 

hydrolyse the growing peptide strand from the peptidyl-tRNA in the P site that is 70Å away 

from the A site. Unbound RF2 is compact and only 20Å in size, but for hydrolysation they 

extend to perform hydrolysis 106–109. To investigate the transient compact forms of RF1 and 

RF2 recruited by the 70S ribosome prior to translation termination, Fu et al. analysed trEM 

timepoints of the 70S ribosomes incubated with release factors for 24 and 60 ms and in 

equilibrium. These timepoints are based on a kinetic model with rate constants derived from 

quench-flow experiments, where RFs were predominantly in the compact form at 24 ms and 

heavily reduced after 60 ms. The kinetic model was somewhat in agreement with the trEM 

data, although the trEM data suggested slightly faster rate constants. Further analysis of the 

trEM datasets revealed that after 24 ms, the RF was mainly bound in the compact form and 

the peptidyl-tRNA was in the P-site. After 60 ms, the RF was mainly bound in the extended 

form and the hydrolysed peptide in the exit tunnel. After 45 s, the RF was still bound in the 

extended form and peptides were no longer found in the exit tunnel 110.

Discussion and Outlook

While trEM promises to become an important tool for the analysis of many molecular 

machines in the future, there are a few caveats and challenges ahead as can be seen from the 

lack of studies employing the method.

The main reason for the lack of studies is certainly the absence of a widespread user-

friendly device for the preparation of samples. At the moment, a plethora of different 

approaches exist in parallel and only one is commercially available so far. Additionally, all 

of the described devices have the overarching disadvantage in that they require significant 

investments, with purchasing and assembly being only the most obvious ones. Importantly, 

there is still a lack in precise time calibration capabilities and orthogonal data analyses such 

as smFRET that are readily feasible are also missing. Along these lines, the reproducibility 

of the method, meaning whether the measurement of several samples from the same time 

point would provide the same result has not been systematically studied. Currently, that is an 

issue that has not been sufficiently addressed in steady state measurements. Another part of 

the problem is that the analysis tools we are using do not deliver high confidence results for 

the classification of individual particles due to the enormous levels of noise in the images. 

Here, characterisation through orthogonal methods, for instance a cryoCLEM approach, 

may also be necessary. Thus, with our current capabilities, trEM can be seen as more of 

a qualitative method providing structural insights into possible molecular trajectories rather 

than as tool for the extraction of kinetic data.

For trEM to be a generally accepted and utilised method, a well-characterized device that 

can be easily set up by a research institute’s workshop will be necessary such that many 

labs can further develop its applicability in parallel. Rubinstein et al. propose the use of 

self-wicking grids in combination with piezo atomizers that can be salvaged from very easily 

available air humidifiers for trEM studies 111. Besides the low cost and effort involved to 

acquire these piezo atomizers, they are capable of depositing as little as 1-4 μL of sample 

in the form of a spray onto a plunging grid. The required sample volume is not as low as 
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for the aforementioned inkjets but is still in a comparable range to the typical amounts used 

for conventional cryoEM grid preparation 74. The produced cryoEM grids are of sufficient 

quality for data collection, but experiments that quantify the efficacy of mixing with this 

approach have yet to be performed. To examine how well the approach preserves the 

structural integrity of proteins, Apoferritin was sprayed on a grid and 3D-refined to 2.77Å 

resolution in single particle processing, indicating that the protein remains undamaged after 

sample deposition 111. Tan and Rubinstein further developed this device by replacing the 

very elaborative protocol required to produce self-wicking grids with a backside blotting 

system where they use commonly available glass fibre filters. Compared to commonly used 

filter papers these glass fibre filters can more efficiently remove excess of solvent from the 

sprayed grids leaving a thin film and resulting in approximately a third of collectible area on 

the entire grid which is sufficient for acquiring a 2 Å resolution structures of Apoferritin. In 

addition, it was demonstrated that this device can increase the number of rare views when 

the time of absorption to the air water interface is reduced. The percentage of Influenza A 

hemagglutinin trimer sideviews was increased from 2 % to 34 % when the absorption time 

was reduced from several seconds to 90-135 ms 112.

A second reason for the low number of biological studies is the lack of the “right” 

samples. The biochemical processes to be followed need to be synchronisable and need 

to stay synchronised over multiple time scales, which is a major challenge given the 

stochastic nature of biological molecular machines. This excludes a number of important 

molecular machines that exhibit a fast-processing cycle and lack characteristic initiation 

and termination steps, such as transporter proteins and ion channels. Given the stochasticity 

of biological molecular machines, trEM will only provide an enrichment of certain states 

but never deliver pure populations that could be assigned to a specific step in a cycle. 

Additionally, the time scales to be visualized need to be accessible to the method. Given 

the current devices, processes that occur on the high millisecond or low second time scale 

would be ideally suited. Additionally, the actual timing of the process should be known 

as precisely as possible through external methods such as single molecule or fluorescence 

measurements as only a few time points can be prepared and analysed due to the high 

demand in measurement and analysis time. This limits the possible analysis to systems 

that are already well characterized like ribosomes and proteasomes. However, in turn a 

well characterized sample may not even require an additional device. If the process of 

interest is on the second time scale, manual mixing will be sufficient and can provide many 

fascinating insights. Despite the narrow range of biological questions studied so far, we 

expect trEM to be applicable over a wide range of processes like signalling (E3 ligases and 

kinases), transport (cytoskeleton, motor proteins), macromolecular processing (Cas9, RNAi) 

and membrane fusion (snares). In summary, trEM is a very promising method as it is the 

only approach that may provide molecular movies of a molecular machine directly with full 

structural detail. However, it is still in its infancy and many characterizations and pioneering 

studies will need to continue to be done in the next decade.
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Figure 1: Four cartoons depicting a selection of molecular machines where time-resolved 
cryoEM may prove particularly useful in illuminating their function.
A: Translation by the RNA polymerase II

B: RNA splicing by the spliceosome

C: 26S Proteasomal degradation

D: Eukaryotic ribosome translation
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Figure 2: An illustrated overview of the different time-resolved cryoEM approaches reviewed in 
this article.
A: Manually timed sample mixing 43. B: Gas-assisted sample atomization 68. C: Voltage-

assisted sample spray 72. D: Microfluidic mixing in silicon chips with gas-assisted spray 50. 

E: Laser-induced rapid in situ melting and revitrification 78. F: Laser-induced photolysis of 

caged reactants 75. G: Inkjet-based sample droplet application 83.
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Table 1:
A comparison of the different approaches for time-resolved cryoEM by their quantifiable 
properties.

Publications that propose several methods are split into separate rows. N / S (not stated) means that the 

publication does not specify a value. N / A (not applicable) means that the value is not applicable to the 

method.

Studied system trEM approach Time 
resolution

Time frame 
recorded

Minimum 
reaction time

Required 
sample 
amount

Quant. 
mixing 
efficiency

Dissociation of 
actomyosin75

Flash photolysis of caged 
components before freezing

N / S 20 - 80 ms 20 ms N / S N / S

NaCl induced changes 
of Erythrocyte68

Gas-assisted spray of one 
reactant on blotted grid

N / S 5 ms 5 ms N / S N / S

Dissociation of 
actomyosin73

Voltage-assisted spray of 
one reactant on blotted grid

~ ms 5 - 50 ms, 
>50 ms

N / S 100 μL N / S

Voltage-assisted spray of 
reactants mixed in Berger 
ball

(as above) (as above) N / S (as above) N / S

Mixed particle 
colocalisation50

Voltage-assisted spray N / S N / S N / S 1 - 2 μL N / S

Microfluidic chip 
mixing channel82

Voltage-assisted spray of 
one reactant on blotted grid

1 s > 1 s N / S 5 - 10 μL N / S

Microfluidic chip 
sprayer nozzle47

Gas-assisted spray of 
reactants mixed in 
microfluidic silicon chip 
(butterfly mixers)

N / S 9 ms 9 ms 80μL (for 4 
grids)

N / S

70S Ribosome tRNA 
retro-translocation43

characterisation 
experiments of device from 
above

N / S 0.49 ms (only 
mixing)

(as above) (as above) 96 - 98%

Sprayed apoferritin81 Gas-assisted spray of 
reactants mixed in 
microfluidic silicon chip, 
improved spray

N / S N / S (as above) (as above) (as above)

Mixed particle 
colocalisation50

manual trEM 1 min 1, 2, 5, 20 1 min 2-4 μL N / S

Microfluidic chip 
mixing channel82

Gas-assisted spray from 
microfluidic silicon chip

N / S N / A N / S 9 μL N / A

Mixed particle 
colocalization and 
dissociation of 
actomyosin70

Voltage-assisted spray of 
reactants mixed in T-mixers

10 - 15 ms > 15 ms 15 ms 33 μL N / S

Voltage-assisted spray of 
one reactant on blotted grid

10 ms > 11 ms 11 ms (33 + 3) μL N / S

70S ribosome 
association, MthK 
Ca2+ binding, 
RNA pol DNA 
association, GTP 
hydrolysis dependent 
rearrangement of 
dynamin lipid tubes69

Inkjet application of one 
reactant onto the other

N / S 90 ms 90 ms 2.5 - 16 μL N / S

RecA filament 
growth71

Gas-assisted spray of 
reactants mixed in 
microfluidic silicon chip

10 ms 40 - 1360 ms 30 ms 30 μL max. 92%
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Studied system trEM approach Time 
resolution

Time frame 
recorded

Minimum 
reaction time

Required 
sample 
amount

Quant. 
mixing 
efficiency

Actomyosin 
dissociation113

Gas-assisted spray of one 
reactant on blotted grid

~ 6 ms 7 - 640 ms 7 ms > 1.25 μL N / S

Gas-assisted spray of 
reactants mixed in a T-
mixer

(as above) 400 - 700 ms 400 ms > 0.35 - 2 μL N / S

GroEL disassembly 
upon electron-beam 
damage78

Rapid melting and 
revitrification inside the 
electron microscope

5 μs 10-50μs N / S 3 μL N / A

Apoferritin 
revitrification114

(as above) (as above) 20 μs N / S 3 - 3.5 μL N / A
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Table 2:
A comparison of the different approaches for time-resolved cryoEM according by their 
technical properties.

Publications that propose several methods are split into separate rows. N / S (not stated) means that the 

publication does not specify a value.

Studied system trEM approach Time resolution 
calibration

Time adjustment Needed equipment / 
Availability

Dissociation of 
actomyosin75

Flash photolysis of caged 
components before freezing

Actomyosin-S1 
dissociation

Falling height between 
flash lamp and liquid 
ethane container

Flash lamp and photo-
electric trigger

NaCl induced changes 
of Erythrocytes68

Gas-assisted spray of one 
reactant on blotted grid

N / S varying plunging time 
(velocity or distance)

widely available 
components, legacy 
atomizer

Dissociation of 
actomyosin73

Voltage-assisted spray of one 
reactant on blotted grid

N / S Plunge speed (via 
plunging pressure), 
plunge time (via 
plunging distance), 
intermediate stop

Syringe pump, high 
voltage DC converter and 
custom-built machine 
with widely available 
components

Voltage-assisted spray of 
reactants mixed in Berger ball

N / S (as above) (as above)

Mixed particle 
colocalisation50

Voltage-assisted spray N / S N / S (as above)

Microfluidic chip 
mixing channel82

Voltage-assisted spray of one 
reactant on blotted grid

N / S N / S (as above)

Microfluidic chip 
sprayer nozzle47

Gas-assisted spray of reactants 
mixed in microfluidic silicon 
chip (butterfly mixers)

N / S Different chips with 
varying delay length

Microfabrication 
equipment

70S Ribosome tRNA 
retro-translocation43

characterisation experiments of 
device above

measurement and 
CFD simulation 
of mixing index 
and residence time 
distribution

(as above) (as above)

Sprayed apoferritin81 Gas-assisted spray of reactants 
mixed in microfluidic silicon 
chip, improved spray

(as above) (as above) 3D MEMS fabrication 
equipment

Mixed particle 
colocalisation50

manual trEM stopwatch longer incubation in 
the minute range

controlled environment 
vitrification system/ 
standard EM equipment

Microfluidic chip 
mixing channel82

Gas-assisted spray from 
microfluidic silicon chip

N / S N / S Microfabrication 
equipment

Mixed particle 
colocalization and 
dissociation of 
actomyosin70

Voltage-assisted spray of 
reactants mixed in T-mixers

N / S Residence time and 
plunge speed (via 
plunging pressure)

widely available 
components

Voltage-assisted spray of one 
reactant on blotted grid

N / S Plunge speed (via 
plunging pressure)

(as above)

70S ribosome 
association, MthK Ca2+ 

binding, RNA pol 
DNA association, GTP 
hydrolysis dependent 
rearrangement of 
dynamin69

Inkjet application of one reactant 
onto the other

70S ribosome 
assembly was 
monitored

varying plunging time 
(velocity or distance) 
(90-500ms tested so 
far

proprietary device

RecA filament growth71 Gas-assisted spray of reactants 
mixed in microfluidic silicon 
chip

Time dependent 
RecA + ssDNA/

Different chips with 
varying delay length

Microfabrication 
equipment
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Studied system trEM approach Time resolution 
calibration

Time adjustment Needed equipment / 
Availability

ATPyS filament 
growth

Actomyosin 
dissociation113

Gas-assisted spray of one 
reactant on blotted grid

Actomyosin 
dissociation, Plunge 
speed measurement + 
liquid flow rate + 
droplet

plunge stop Microfabrication 
equipment

Gas-assisted spray of reactants 
mixed in a T-mixer

(as above) varying delay line 
inner diameter

(as above)

GroEL disassembly 
upon electron-beam 
damage78

Rapid melting and revitrification 
inside the electron microscope

time series of 
refraction at ice and 
gold film in EM

Varying laser pulse 
times

Customization of the 
TEM with lasers for 
electron beam pulsing 
and heating

Apoferritin 
revitrification114

(as above) (as above) (as above) (as above)
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