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SUMMARY

Cellular factories engage numerous highly complex ‘‘molecular machines’’ to
perform pivotal biological functions. 3D structural visualization is an effective way
to understand the functional mechanisms of these biomacromolecules. The ‘‘resolu-
tion revolution’’ has established cryogenic electron microscopy (cryo-EM) as a
preferred structural biology tool. In parallel with the advances in cryo-EM method-
ologies aiming at atomic resolution, several innovative approaches have started
emerging where other techniques are sensibly integrated with cryo-EM to obtain
additional insights into the biological processes. For example, combining the time-
resolved technique with high-resolution cryo-EM enables discerning structures of
short-lived intermediates in the functional pathway of a biomolecule. Likewise, inte-
grating mass spectrometry (MS) techniques with cryo-EM allows deciphering struc-
tural organizations of large molecular assemblies. Here, we discuss how the data
generated upon combining either time resolve orMS techniques with cryo-EM sup-
plement structural elucidations with in-depth understanding of the function of
cellular macromoleculeswhen they participate in fundamental biological processes.

INTRODUCTION

Biological processes, often very complex in nature, are hard to be deciphered using any single technique.

Structural visualizations of biological molecules provide significant insights into their function. Nonethe-

less, structural techniques with supplements from biophysical and biochemical experiments pave the

way to depict a complex process with enhanced clarity (Schmidt and Urlaub, 2017). Pieces of information

gathered from individual techniques when stitched together with structural data to model a functional bio-

logical system brings forth integrative structural biology.

Cryogenic electron microscopy (cryo-EM) in conjugation with 3D reconstruction techniques has emerged as a

powerful method to study structures and dynamics of intrinsically flexible molecular assemblies. Previously,

high-resolution structural data generated using NMRor X-ray crystallography were used to interpret limited res-

olution cryo-EM density maps at the molecular level. With time, cryo-EM has evolved and expanded into sub-

domains, such as single particle analysis (SPA) (Van Heel et al., 2000; Orlova and Saibil, 2011; Vinothkumar

and Henderson, 2016; Wu and Lander, 2020), cryogenic electron tomography (Oikonomou and Jensen, 2017;

Beck and Baumeister, 2016), two-dimensional electron crystallography (Henderson and Unwin, 1975; Stahlberg

et al., 2015), and, more recently, microcrystal electron diffraction (Nannenga and Gonen, 2019). Single-particle

cryo-EM technique has advanced to a stage that enables structure determination ofmacromolecular complexes

at nearly atomic resolution (Baker et al., 2010; Kuhlbrandt, 2014; Doerr, 2014; Cheng, 2018; Murata and Wolf,

2018). Technological advances have occurred in different fronts of themethod, starting from sample preparation

to image acquisition and image analysis (Akbar et al., 2020; Naydenova et al., 2019). High-resolution cryo-EM

structures are manifestation of cumulative results of all these achievements.

In recent years, integration of different techniques is gradually taking upmulti-dimensional shape in developing

new methodological approaches to deal with complex biological systems. Cryo-EM, having received a great

attention nowadays for determining 3D structures of intrinsically dynamic macromolecular assemblies (Lawson

et al., 2020; Chen and He, 2020), mostly populates new integrative approaches (Figure 1). One such integrative

structural biology technique is the correlative light electronmicroscopymethod (CLEM), where the tomography

approach of cryo-EM is combinedwith lightmicroscopy (Koning et al., 2018). The significance of CLEM lies in the
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Figure 1. Synergistic approaches in structural biology to enrich information on functional mechanisms

In integrative structural biology approach, data generated from multiple techniques are combined to gain insights into a

biological process. Structural biology tools like cryo-EM, X-ray crystallography, NMR, etc. elucidate 3D architecture of a

macromolecular assembly, whereas biophysical techniques, like different wings of mass spectrometry and proteomics,

illustrate the composition of and association within it. Integration of these diverse approaches leads to out-and-out

understanding of a crucial biological pathway. For example, structure and function of the molecular machine ribosome

has been studied with various techniques, and when all the results from these techniques are put together, the overall

mechanism of protein synthesis (translation, shown in the center) has come to light.
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localization of a fluorescently tagged complex with the help of light microscopy followed by visualization of the

same at higher resolution using cryo-EM (Schwartz et al., 2007; Sartori et al., 2007;Oikonomouand Jensen, 2017).

Application of this integrative technique has captured crucial biological events in bacteria, as well asmammalian

systems (Basler et al., 2012; Oikonomou and Jensen, 2017; Tuijtel et al., 2019) More recently, this approach has

been further developed into cryo-CLEMwhere the fluorescence-based target detection is also carried out under

cryo-conditions (Hampton et al., 2017). Another interesting integrative technique is an in situ approachwhich has

refined our understandingof the complex cellular events (VonAppen et al., 2015;Guo et al., 2018). Bypassing the

requirement of purification of macromolecules, cryo-electron tomography and sub-tomogram averaging in

combination with focused ion beam (FIB) milling of the whole system has yielded significant structural insights

in the cellular context (Schur, 2019).

To understand the molecular mechanism of a biological process, the short-lived, intermediate states of a

biological pathway need to be structurally deciphered. A standalone technique has been developed

recently, where a microfluidic device is used to prepare cryo-EM grids at specific time points of an on-going

reaction in an automated and fast vitrification process (Maeots et al., 2020; Kontziampasis et al., 2019; Feng

et al., 2017). This newly devised technique, popularly known as time-resolved cryo-EM (trCryo-EM), has

started producing many significant and illustrative results of many complex biological processes (Dandey

et al., 2020). Combination of biophysical methods like mass spectrometry (MS) with cryo-EM has also

evolved as a promising integrative methodology (Schmidt and Urlaub, 2017).

A device integrating time resolved with cryo-EM has been designed (trCryo-EM) where a biochemical re-

action is carried out directly on amicrofluidic chip by controlledmixing of reactants. The reaction product is
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sprayed at different time points onto an EM grid which is rapidly plunge frozen to capture the various in-

termediates of the pathway (Dandey et al., 2020; Maeots et al., 2020). Several MS methodologies such as

native MS, cross-linking MS (XL-MS), affinity purification MS (AP-MS), denaturingMS, and hydrogen-deute-

rium exchangeMS (HDX-MS) have been developed which can be utilized to substantiate cryo-EM structural

data. Several reviews have already well documented the details of technical aspects of integrative ap-

proaches in cryo-EM (Rout and Sali, 2019; Cerofolini et al., 2019; Srivastava et al., 2020). Here, we discuss

additional knowledge gained by combining time-resolved and MS approaches with cryo-EM instead of

focusing on technical details of the methods. We primarily focus on how trCryo-EM has aided in visualizing

the sequential changes (within millisecond timescale) of various macromolecular assemblies in complex

biological processes. Along with this, we also survey how MS results on molecular interactions or associa-

tions supplement cryo-EM structural data to study large bio-molecular assemblies.
Combining time-resolved approach with single-particle cryo-EM to capture intermediate

functional states

Biomolecules, while participating in different fundamental cellular processes, rapidly interconvert among

multiple processing states. The functionally relevant states have lower activation energy aiding the process

under cellular thermal condition. In certain cases, protein factors, functioning as enzymes, reorganize

different local minima in the energy landscape by assisting in lowering the energy barriers. The involvement

of these factors modulates the timescale of the processes. Many structures of the factor-bound stable bio-

molecular complexes have been solved till date. However, the crucial and interesting intermediates that

exist in the microsecond to millisecond range are quite impossible to be captured by standard cryo-EM ap-

proaches due to the relatively slow, partially manual method of grid preparation (Frank, 2017; Stark and

Chari, 2016; Passmore and Russo, 2016). The absence of structural information of the intermediates poses

dilemma in tracing functional pathways of some biomolecules since multiple possibilities may exist. The

trCryo-EM approach has the potential to resolve this issue. Traditionally, high-resolution cryo-EM structures

depict intricate structural details of snapshot of a stable state of biological molecules. However, the complex

molecular assemblies rapidly interconvert amongmultiple processing states in their functional pathway, and

to gain full insight into a biological process, deciphering the structures of intermediate states is crucial.

The fleeting structural states of macromolecules generated during the functional pathway can be captured

using trCryo-EM. A special microfluidic chip has been devised in which two reactants are mixed and at

different time points samples from the reaction mixtures are sprayed on the grid which is then quickly

plunged into liquid ethane (Figure 2). This automated mixing/spraying technique has the capability to cap-

ture reaction intermediates in the time range of 10 to 1000ms (Feng et al., 2017; Lu et al., 2009; Shaikh et al.,

2014; Chen and Frank, 2016; Fu et al., 2016).

The concept and need of trCryo-EM hatched long before designing of specific instrument. During early

2000, the maturation of the pro-capsid of herpes simplex virus into a capsid was investigated using cryo-

EM. The complete process takes about 96 hr. The pro-capsids were isolated from a temperature-sensitive

mutant, and samples were prepared at four different time points, i.e. 0, 24, 48, and 96 hr. The resulting den-

sity maps, in chronological order, portrayed an assembly sequence of capsid maturation which included

significant switching events with relative rotation of the major capsid protein (Vp5) (Heymann et al., 2003).

Another example of trCryo-EM was to explore the process of DNA replication. Loading of two MCM (minichro-

mosome maintenance protein complex) hexamer by the origin recognition complex (ORC) to form a head-to-

head double hexamer (DH) around DNA is a prerequisite for bidirectional replication (Remus et al., 2009; Evrin

et al., 2009). Themechanism of DH formation was unclear as single-molecule experiments and biochemical data

pointed to contrasting hypothesis (Frigola et al., 2013; Coster and Diffley, 2017). Visualizing the intermediate

states by preparing samples in a time course of 2, 6, and 20 min depicted that both the MCM hexamers are re-

cruited by the same interaction betweenMCMandORCC-terminal domains. Themechanism of coupledMCM

loading was identified and thus put a possible end to the long-standing debate (Miller et al., 2019).

Translation, the protein biosynthesis process in any living cell, is the most exploited field in which trCryo-EM

has grown and matured to its present status. Protein biosynthesis is accomplished via initiation, elongation,

termination, and ribosome recycling steps on the ribosome, the key macromolecular machine for translation.

Several translation factors control each of these steps in bacterial translation, namely, initiation (IF1, IF2, and

IF3), elongation (EF-Tu, EF-G), release (RF1/RF2, RF3), and ribosome recycling (RRF along with EF-G and IF3)
iScience 24, 102044, February 19, 2021 3



Figure 2. Time-resolved cryo-EM allows visualizations of intermediate states of molecules in action

Aspectacular time-resolvedcryo-EM (trCryo-EM) study (Lovelandetal., 2020) elucidating33states involved in tRNAproofreading

process of the elongation step of protein synthesis is presented here. A schematic representation of the trCryo-EM technique is

shown in the middle where different components (represented in red and yellow colored test tubes) are allowed to interact

(mixing of components is shown in red and yellow color through a zigzag channel) and subsequently sprayed on the grids at

different timepoints.Grids areplunged frozenand imagedbyhigh-resolution cryo-TEM.Thecrests and troughsof the zigzag line

are the time points where at each point the sample can be deposited onto the grid for image acquisition. Five representative

structures of ribosomes (shown indifferent shadesof blue) in the complexwithEF-Tuare shownas for example (emd-21621, emd-

21623, emd-21624, emd-21626, and emd-21629) revealing EF-Tu (shown in red) conformational changes during the process of

tRNA delivery and subsequent release of EF-Tu upon GTP hydrolysis. The sequential intermediate structures trace the

conformational changes from ribosomebindingof EF-Tu inGTP-bound form (state I;GTP shown ingreen) to a statewhere EF-Tu

is on the verge of leaving the ribosome upon GTP hydrolysis (state V).
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factors (Wilson and Nierhaus, 2003; Carter et al., 2001; Laursen et al., 2005). During the process, ribosome

passes through several transient intermediate states which could not be structurally deciphered by a standard

cryo-EM approach. The trCryo-EM technique enables visualization of these short-lived, physiologically impor-

tant intermediates and thus allows tracing the sequence of events during the process.

In a trCryo-EM study of the initiation complexes (Kaledhonkar et al., 2019), five different short-lasting inter-

mediates were captured at 20ms, 80ms, 200ms, and 600ms timescales. The intermediate structure captured
4 iScience 24, 102044, February 19, 2021
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within the first 20ms–80ms revealed that the formation of inter-subunit bridge B2a (forms between helix 69

of the 23S rRNA and helix 44 of the 16S rRNA) coincides with the time of the GTPase IF1 dissociation. Within

80ms and 200ms, IF2 bound to 70S initiation complex (IC) gets dissociated from a large fraction of popu-

lation leading to the maturation of 70S IC to 70S elongation complex. This maturation event lasts till 600ms

and beyond as it is largely dependent on the release of Pi from IF2 (even after IF2 hydrolyzes GTP) and the

subsequent rapid liberation of GDP-IF2 from 70S IC. The structures obtained from this trCryo-EM study re-

vealed the ratcheting movement of the ribosomal subunits induced by the IF2 dissociation in combination

with a series of conformational alterations including (i) rearrangement of fMet-tRNAfMet from its P/I to P/P

configuration, (ii) disentangling of the 30 CCA-fMet tail; and (iii) placement of the fMet moiety into the pep-

tidyl transferase center (Kaledhonkar et al., 2019). This visualization of the previously unperceived interme-

diates laid the foundation for better understanding of the initiation step.

Ribosome release factor (RRF) and elongation factor G (EF-G) in presence of GTP govern the ribosome re-

cycling event (Fu et al., 2016). The sample imaged at 140ms revealed two classes, namely, PostTC.RRF140
(posttermination complex in presence of RRF) and PostTC.RRF.EF-G140 (posttermination complex in pres-

ence of RRF and EF-G). Juxtaposing these two structures highlighted the gyration of RRF domain II toward

domain I occupying a place adjacent to the inter-subunit bridge B2a. The deacylated tRNA coheres to the

30S subunit even after termination of translation and later breaks off due to the competitive attachment of

IF3. The transient states captured by trCryo-EM thus manifested the change in structural orientations and

the sequence of events occurring during recycling (Fu et al., 2016).

Translocation of tRNAs is a part of the elongation step where a GTPase EF-G assists the shifting of the reading

frameby one codon,making the A site free for the next incoming aminoacyl tRNA. The application of trCryo-EM

has provided extensive information regarding the trajectory and dynamics of tRNAmovement through the ribo-

some. The intermediate structures generated using trCryo-EM depicted the sequential break off and genesis of

ribosome-tRNA contacts during the translocation process and also highlighted a spectrum of structural changes

in the head and body region of the small subunit that are coupled to tRNA movement (Fischer et al., 2010).

High-resolution structures of the elongation factor Tu (EF-Tu)-bound 70S ribosome are available where the com-

plexes were stalled either using non-hydrolyzable GTP analog or an antibiotic kirromycin (Voorhees et al., 2010;

Fischer et al., 2015). Tentative functional pathwayof the tRNAproofreading duringprotein biosynthesis has been

proposedbasedon these structures. However, intricatedetails of EF-Tu conformational changes associatedwith

this elongation step could be defined by deciphering high-resolution structures of 33 intermediate states using

trCryo-EM in a recent study (Loveland et al., 2020). The trCryo-EM technique also has solved some previous dis-

putes on bacterial translation. For instance, compact form of release factor crystal structure as compared to the

‘‘open’’ structures of its ribosome-bound state raised serious questions long back (Kjeldgaard, 2003). A recent

trCryo-EMstudy resolvedthis long-standing issuebycapturinga transientstateof ribosome-boundrelease factor

in the compact form (Fu et al., 2019). Evidently, resolving structures of the short-lasting intermediates using the

time-resolved technique in combination with cryo-EM improves and fine-tunes our understanding of the mech-

anisms of fundamental cellular processes (Figure 2). Besides, the trCryo-EM approach holds the potential to

disclose novel drug targets since larger the numberof intermediate functional states captured, thegreaterwould

be the chance of getting a pool of drug targets.
Integrating mass spectrometry data with cryo-EM to elucidate organizations of multi-

component biomolecules

Different sets of techniques can be intermingled to address crucial questions on specific biological pro-

cesses. Mass spectrometry (MS) has been a widely used biophysical technique to understand various bio-

logical pathways. Different types ofMS play their role in providing particular set of information (Rajabi et al.,

2015; Lossl et al., 2016). In native MS, the mild experimental condition preserves the native state of the

biomolecule (non-covalent interaction and natural folded state), thus giving us the glimpse of the whole

complex (Mitra, 2019; Heck, 2008). DenaturingMS uses non-neutral pH and organic solvents, thus exposing

the protonation sites (Schachner et al., 2016). The macromolecule is cleaved into smaller units giving rise to

a normal spectral distribution. XL-MS uncovers the binding partners along with the residues involved in as-

sociation (Liu et al., 2015). Using AP-MS, the co-purified interacting proteins can be analyzed (Bauer and

Kuster, 2003). Solvent accessibility information obtained using HDX-MS helps to interpret protein structure

and confirmation (Hamuro et al., 2003; Oganesyan et al., 2018). Handshaking of structural biology with MS
iScience 24, 102044, February 19, 2021 5
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techniques yields an application that has the potential to lead the way to describe the structural organiza-

tion of different multimeric complexes (Figure 3).

Nucleosome, the basic unit of chromatin, consists of roughly 146bp of DNA muffled around histone oc-

tamer (Luger et al., 1997). The dynamicity of chromatin plays an important role in various processes like

replication, transcription, repair mechanisms (Venkatesh and Workman, 2015). Assembly of nucleosome

into duplicated DNA is a prerequisite for replication. To fulfill this crucial step, a large number of histone

proteins are synthesized and transported to the nucleus. Highly positively charged histones also contain

strong hydrophobic patches making them prone to non-specific binding. The regulated transport of H3/

H4 (histone 3/histone 4) dimer is assisted by importin4, themajor nuclear importin that guides the transport

of newly synthesized H3/H4 associated with Asf1a which is an essential histone chaperone. By using an inte-

grative approach relying on XL-MS, X-ray crystallography, and negative stain electron microscopy , the

structural and molecular interaction of the Importin4_H3/H4_Asf1a complex was unfolded highlighting

the mechanism by which importin identifies H3/H4_Asf1a (Yoon et al., 2018).

XL-MS of Importin4_H3/H4_Asf1a complex pinpointed that the DNA binding surface of the histone inter-

acted with importin (Yoon et al., 2018). It also highlighted that the C-terminal tail of importin4 recognizes

the Nuclear Localization Signal (NLS) present on the N-terminal tail of H3 and not on H4. Limited proteol-

ysis assay backed up this finding because the N-terminal of H3 was protected upon binding to importin4.

The crystal structure of the C-terminal tail of importin4 bound to H3 N-terminal peptide uncovered the

mechanism of identification and binding of importin4 and H3. Lysine 14 of H3 played a crucial role in attach-

ment as its replacement to alanine reduced the binding affinity multiple folds. Structural models generated

using data obtained from negative stain single-particle EM, X-ray crystallography, XL-MS, and small-angle

X-ray scattering (SAXS) pictured the architecture of Importin4_H3/H4_Asf1a complex.

The nuclear transport of histone H1 requires the association (by liner histone H1.0) with two importins, i.e., im-

portin 7 (Imp7) and importin b (Impb). Cryo-EM structure of Imp7-Impb-H1.0 trimeric complex revealed the

cradle formed by the two importins to hold the linker histone. The globular domain of H1 was held together

by Impb, but the positively charged C-terminal tail was bound to and protected by both Imp7 and Impb. XL-

MS study showed that the H1 tail remains disordered and comes in close proximity with multiple sites of

both importins. The C-terminal tail serves an important role in stabilizing the overall complex. C-terminal tail

of Imp7 contains GGxxF and FxFG motifs which were essential for the complex formation and transport of his-

tone. FxFG motifs of nucleoporins present on the nuclear side, in association with RanGTP, assist the disas-

sembly of the trimeric complex to complete the transport of histone (Ivic et al., 2019). Integration of cryo-EM

and XL-MS played a decisive role in this study. The sole utilization of cryo-EM would only provide the structure

of the importin-histone complex where the dynamic regions are poorly resolved. The incorporation of XL-MS

furnished the information on the interactions of lysine residues of H1.0 with acidic residues of Impb and Imp7.

The results also highlighted that a lysine of H1.0 cross-links various acidic residues of importin and similarly an

acidic residue of importin cross-links different lysine residues of H1.0 indicating the absence of specific residue

for H1.0 tail interaction. Thus, to supplement the poorly defined regions in cryo-EM structures, cross-linking

coupled with MS plays a crucial role in providing the information on the amino acid proximity and interaction.

The collaboration of quantitative MS (qMS) and cryo-EM offered comprehensive understanding of ribosomal

large subunit assembly by revealing parallel pathways in ribosome biogenesis process, one of the most crucial

events in living cells, to ensure uninterrupted assembly of functional ribosome (Figure 3). Amodified system lack-

ing the gene rplQ encoding the ribosomal protein bL17 resulted in the decline of mature 70S particle and sub-

sequent increase of the 30S subunit. Radiolabeled pulse experiment demonstrated that the LSUbL17dep (large

subunit bL17 depleted) was competent for maturation upon addition of bL17. Even during bL17 starvation, the

LSUbL17depmatured but at a very slow rate. Comparing the ribosomal protein profile of the LSU from cells grown

under permissive and bL17-deprived conditions using qMS highlighted the variation in the protein profile.

LSUbL17dep showed the presence of enriched assembly factors probably to help maturation. Chemical probing

showed that the native rRNA secondary structure was conserved in the LSUbL17dep particles. Cryo-EM density

maps of the obtained classes of LSUbL17dep pointed to the variation of the inter-subunit interface indicating the

wide effect of bL17 depletion. Combining the information from the density maps with the data obtained from

qMS and chemical probing using SHAPE-MaP (selective 20-hydroxyl acylation analyzed by primer extension

and mutational profiling) (Martin et al., 2019), the presence of parallel assembly pathways was concluded which

allowed LSU maturation even in limitation of an initial protein (Davis et al., 2016).
6 iScience 24, 102044, February 19, 2021



Figure 3. Integration of mass spectrometry data enhances understanding of biological pathways

A hybrid approach combining information from different types of mass spectrometry (MS) with high-resolution cryo-EM

study has the potential to illuminate a biological process in more details. Results obtained from different types of MS

experiments (posttranslational modifications of proteins [from native MS], composition of the sample [from denaturing

MS], binding partners and residues involved [from XL-MS], characterization of the interacting partners [from AP-MS], and

protein structure and confirmation [from HDX-MS]) are shown as droplets which together form a pool of information.

Cutting-edge cryo-EM imaging and data processing techniques generate high-resolution 3D structures (shown in

middle). Combining the information gathered from mass spectrometry with the cryo-EM structural analysis, for example,

reveals the sequential steps of the ribosomal 50S subunit assembly (Davis et al., 2016) (depicted schematically at the

bottom).
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These results imply that thoughtful integration of MS and cryo-EM can be an effective approach to unravel

complex architectures and functional pathways of biological macromolecular assemblies.

Future directions and challenges

The studies discussed above evidence that integrative approaches in the cryo-EM field substantially

enhance our understanding of complex biological systems. Both trCryo-EM and integrative MS ap-

proaches have been proved to be potentially effective in this respect.

Nowadays, trCryo-EM can elaborate biological processes in a timescale of milliseconds. However, many

biological processes occur even in narrower timescales for which yet an advanced device to capture the

ephemeral states of biological pathways is required. More efficient microfluidic devices to capture transi-

tional states of biological macromolecules beyond millisecond timescales would be the new horizon

(Maeots et al., 2020). A relatively old study in this direction showing tiny movements in nanosecond time-

scales (Fitzpatrick et al., 2013) may be explored further. Moreover, many biological reactions occur with

more than two ingredients. The limitations of present-day microfluidic devices in trCryo-EM may be over-

come by incorporating more than two channels for multi-dimensional reactions to be studied.

While trCryo-EM takes care of the homogeneous population of the sample, obtaining sufficiently thin layers

of vitreous ice without affecting sample property is another challenge in focus for recent developments in

optimal sample preparation techniques like spraying the sample onto the grid without any blotting step

(Klebl et al., 2020). Getting random orientations of sample molecules on the grid is another hurdle for

SPA where use of specialized grids depending on the sample properties may help. The property of the

sample can be manipulated by biochemistry bench work and the property of the cryo-EM grids by techno-

logical advancement (Drulyte et al., 2018); there still remain future possibilities to biophysically tweak the

orientation of the molecules, for example, by adjusting dipole moment of the molecular complex. Moving

toward this direction, Tomasz Ucha�nski and group used specially designed megabodies to circumvent

the obstacle of orientation biasness. They resolved the structure of a relatively small membrane protein

(GABAA-b3) having acute preferential orientation at a resolution of 2.5Å (Ucha�nski et al., 2021).

Although usage of XL-MS to supplement and enhance the near atomic structures from cryo-EM is a wise

synergistic approach, it can be even more fruitful if the resolution of cryo-EM structures reaches the atomic

level. Taking a giant step forward to attain atomic resolution, cryo-EM has successfully deduced the struc-

ture of apoferritin with 1.25 Å (Yip et al., 2020) and 1.2 Å resolutions (Nakane et al., 2020). Nevertheless, it is

needless to say, only the advancement in terms of obtaining higher resolution structures would not reveal

the complete picture of the on-going processes inside cells.

An optimal strategy to visualize the biological molecules in liquid solution is probably the next step ahead. A

recent enthusiastic approach to visualize molecules in liquid state holds promising opportunity to study com-

plex biological processes in themost near-native condition. Development of specialized grids to deal with the

liquid sample inside themicroscope is a step ahead in this direction (Pu et al., 2020). Hopefully, combination of

the time-resolved technique with liquid phase transmission electron microscopy (TEM) can explore yet unan-

swered questions in future. However, the problems associated with traditional TEM (e.g. radiation damage,

electron-beam-inducedmotions of themolecules, etc.) are still pertinent issues associated with this approach.

Although till date various biological processes have been illuminated with these handshaking approaches,

many pathways are still studded with mystery due to technological bottleneck of various methods. For

example, an in situ approach using cryo-tomography and FIB milling in combination is mostly limited to

thin samples, like the bacterial cells (application to mammalian cells is restricted). Improvement of the

FIB milling method is required to access thicker cells and tissue samples. To be optimistic, development

of innovative tools by synergistic utilization of existing technologies will also overcome the present-day dif-

ficulty to visualize the complexity in vivo.
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