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SUMMARY: 22 

Single-particle cryo-electron microscopy demands a suitable software package and user-23 

friendly pipeline for high-throughput automatic data acquisition. Here, we present the 24 

application of a fully automated image acquisition software package, Latitude-S, and a 25 

practical pipeline for data collection of vitrified biomolecules under low-dose conditions. 26 

 27 

ABSTRACT: 28 

In the past several years, technological and methodological advancements in single-particle 29 

cryo-electron microscopy (cryo-EM) have paved a new avenue for the high-resolution 30 

structure determination of biological macromolecules. Despite the remarkable advances in 31 

cryo-EM, there is still scope for improvement in various aspects of the single-particle analysis 32 

workflow. Single-particle analysis demands a suitable software package for high-throughput 33 

automatic data acquisition. Several automatic data acquisition software packages were 34 

developed for automatic imaging for single-particle cryo-EM in the last eight years. This paper 35 

presents an application of a fully automated image acquisition pipeline for vitrified 36 

biomolecules under low-dose conditions.  37 

 38 

It demonstrates a software package, which can collect cryo-EM data fully, automatically, and 39 

precisely. Additionally, various microscopic parameters are easily controlled by this software 40 

package. This protocol demonstrates the potential of this software package in automated 41 

imaging of the severe acute respiratory syndrome-coronavirus 2 (SARS-CoV-2) spike protein 42 

with a 200 keV cryo-electron microscope equipped with a direct electron detector (DED). 43 

Around 3,000 cryo-EM movie images were acquired in a single session (48 h) of data 44 

collection, yielding an atomic-resolution structure of the spike protein of SARS-CoV-2. 45 

Furthermore, this structural study indicates that the spike protein adopts two major 46 
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conformations, 1-RBD (receptor-binding domain) up open and all RBD down closed 47 

conformations.  48 

 49 

INTRODUCTION: 50 

Single-particle cryo-EM has become a mainstream structural biology technique for high-51 

resolution structure determination of biological macromolecules1. Single-particle 52 

reconstruction depends on acquiring a vast number of micrographs of vitrified samples to 53 

extract two-dimensional (2D) particle images, which are then used to reconstruct a three-54 

dimensional (3D) structure of a biological macromolecule2,3. Before the development of DEDs, 55 

the resolution achieved from single-particle reconstruction ranged between 4 and 30 Å4,5. 56 

Recently, the achievable resolution from single-particle cryo-EM has reached beyond 1.8 Å6. 57 

DED and automated data acquisition software have been major contributors to this resolution 58 

revolution7, where human intervention for data collection is minimal. Generally, cryo-EM 59 

imaging is performed at low electron dose rates (20–100 e/Å2) to minimize electron beam-60 

induced radiation damage of biological samples, which contributes to the low signal-to-noise 61 

ratio (SNR) in the image. This low SNR impedes the characterization of the high-resolution 62 

structures of biological macromolecules using single-particle analysis.  63 

 64 

The new generation electron detectors are CMOS (complementary metal-oxide-65 

semiconductor)-based detectors, which can overcome these low SNR-related obstacles. 66 

These direct detection CMOS cameras allow fast readout of the signal, due to which the 67 

camera contributes better point spread function, suitable SNR, and excellent detective 68 

quantum efficiency (DQE) for biological macromolecules. Direct detection cameras offer high 69 

SNR8 and low noise in the recorded images, resulting in a quantitative increase in the 70 

detective quantum efficiency (DQE)—a measure of how much noise a detector adds to an 71 

image. These cameras also record movies at the speed of hundreds of frames per second, 72 

which enables fast data acquisition9,10. All these characteristics make fast direct detection 73 

cameras suitable for low-dose applications.  74 

 75 

Motion-corrected stack images are used for data processing to calculate 2D classification and 76 

reconstruct a 3D density map of macromolecules by using various software packages such as 77 

RELION11, FREALIGN12, cryoSPARC13, cisTEM14, and EMAN215. However, for single-particle 78 

analysis, an enormous dataset is required to achieve a high-resolution structure. Therefore, 79 

automatic data acquisition tolls are highly essential for data collection. To record large cryo-80 

EM data sets, several software packages have been used over the past decade. Dedicated 81 

software packages, such as AutoEM16, AutoEMation17, Leginon18, SerialEM19, UCSF-Image420, 82 

TOM2
21, SAM22, JAMES23, JADAS24, EM-TOOLS, and EPU, have been developed for automated 83 

data acquisition.  84 

 85 

These software packages use routine tasks to find hole positions automatically by correlating 86 

the low-magnification images to high-magnification images, which assists in identifying holes 87 

with vitreous ice of appropriative ice thickness for image acquisition under low-dose 88 

conditions. These software packages have reduced the number of repetitive tasks and 89 

increased the throughput of the cryo-EM data collection by acquiring a vast amount of good-90 

quality data for several days continuously, without any interruption and the physical presence 91 

of the operator. Latitude-S is a similar software package, which is used for automatic data 92 
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acquisition for single-particle analysis. However, this software package is only suitable for 93 

K2/K3 DEDs and is provided with these detectors.  94 

 95 

This protocol demonstrates the potential of Latitude-S in the automated image acquisition of 96 

SARS-CoV-2 spike protein with a direct electron detector equipped with a 200 keV cryo-EM 97 

(see the Table of Materials). Using this data collection tool, 3,000 movie files of SARS-CoV-2 98 

spike protein are automatically acquired, and further data processing is carried out to obtain 99 

a 3.9–4.4 Å resolution spike protein structure.  100 

 101 

PROTOCOL: 102 

 103 

NOTE: Three important steps are required for cryo-EM data collection: 1. cryo-EM grid 104 

preparation, 2. calibration and alignment of the microscope, 3. automatic data collection 105 

(Figure 1). Furthermore, automated data collection is subdivided into a. suitable area 106 

selection, b. optimization of Latitude-S, c. start automatic hole selection, and d. start 107 

automatic data acquisition (Figure 1).  108 

 109 

1. Cryo-EM grid preparation and sample loading for automatic data acquisition 110 

 111 

1.1. Clean the grids using a glow discharger and vary the glow discharge parameters based 112 

on experimental requirements (here, 60 s at 20 mA).  113 

 114 

1.2. Add a freshly prepared protein sample (3 μL) to the glow-discharged grid and incubate 115 

for 10 s. 116 

 117 

1.3. Blot the grids for 3–5 s at 100% humidity and quickly plunge them into liquid ethane 118 

using a cryo-plunger. 119 

 120 

1.4. Clamp the grids manually into a clip ring to form the cartridge using a flexible C-clip 121 

ring. 122 

  123 

1.5. Load the frozen cartridge-mounted grids into the autoloader cassette and transfer the 124 

cassette by the nano cap to the precooled autoloader of the microscope for data collection. 125 

 126 

2. Microscope tuning and basic alignment before automatic data acquisition 127 

 128 

2.1. Beam shift 129 

 130 

2.1.1. Click on Beam shift from the Direct Alignment tab.  131 

 132 

2.1.2. Reduce the magnification, and center the beam to the optical axis using the 133 

Multifunction X and Y knob. 134 

 135 

2.2. Pivot point alignment 136 

 137 

2.2.1. Click on the Beam tilt option in Direct Alignment pp X from the Direct Alignment tab. 138 

 139 
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2.2.2. Condense the beam to a spot and minimize the movement by using the Multifunction 140 

X and Y knob. 141 

 142 

2.3. C2 aperture centering 143 

 144 

2.3.1. Select the condenser aperture from the Alignment tab. 145 

 146 

2.3.2. Condense the beam to a spot, center the beam to the optical axis, and then expand 147 

the beam to cover the circle evenly. 148 

 149 

2.3.3. Repeat these steps until the Condenser 2 aperture is adjusted. 150 

 151 

2.4. Coma-free alignment 152 

 153 

2.4.1. Click on Coma-free Alignment X from the Direct Alignment tab to align the beam to 154 

the optical axis. 155 

 156 

2.4.2. Use the Multifunction knob to minimize the shape and the movement of the FFT 157 

(ensure it is stable).  158 

 159 

2.4.3. Repeat the same procedure for Coma–free alignment Y. 160 

 161 

2.5. Set parallel illumination before data collection in the cryo-EM because of the C twin 162 

lens. 163 

 164 

2.5.1. Insert the objective aperture (70 μm) in diffraction mode.  165 

 166 

2.5.2. Focus the objective aperture on the front focal plane of the diffraction lens by 167 

controlling the defocus-intensity knob (objective lens and C2 lens current). 168 

 169 

2.5.3. Ensure that the crisp edge of the objective aperture is seen after proper defocusing. 170 

 171 

2.5.4. Insert the beam stopper and spread the intensity until the gold powder diffraction 172 

rings are minimized.  173 

 174 

NOTE: If the beam is spread properly, a clear diffraction ring of the gold powder is visible on 175 

the screen, which indicates that the beam is parallel.  176 

 177 

2.5.5. Retract the beam stopper after setting the parallel illumination and change the 178 

microscope mode to Nano probe. 179 

 180 

NOTE: Check the microscope tuning before starting data collection to ensure the optimum 181 

performance of the microscope. All these settings would be performed in the microscope 182 

Direct Alignment GUI Tab. All the microscope tuning is performed using a test grid before 183 

data collection.  184 

 185 

3. Data acquisition with Latitude-S 186 
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 187 

3.1. Start Latitude-S automated data acquisition software. 188 

 189 

NOTE: Latitude-S installation also requires microscope calibration, which will be performed 190 

before data collection, and the settings will be stored permanently. Five different states for 191 

data collection are calibrated with four different magnifications (Figure 1 and Figure 2). Atlas 192 

state and grid state are in two different magnifications in LM mode (low-magnification 193 

ranges). The hole state is in SA mode (high-magnification ranges) but with a moderate 194 

magnification. Focus and data state use high-magnification SA mode.  195 

 196 

3.1.1. Click on DigitalMicrograph from the Start menu, or double-click on the 197 

DigitalMicrograph icon on the desktop. 198 

 199 

3.1.2. Select the Technique manager icon from DigitalMicrograph.  200 

 201 

NOTE: This system will show TEM and Latitude-S icons (Figure 2 and Supplemental Figure 202 

S1). 203 

 204 

3.1.3. Select the Latitude-S icon for single-particle automated data collection. 205 

 206 

NOTE: The K2 camera operates in three modes: linear/integrated, counted, and super-207 

resolution. The user could select any mode in the interface of DigitalMicrograph. Data images 208 

could be saved as either dose-fractionated image stacks or as summed images in MRC, TIF, or 209 

.dm4 files with different bit depths. Furthermore, data could be saved as motion-corrected 210 

images for the K3 camera. On a K2 camera, an unprocessed image stack could be saved as 4-211 

bit MRC, 8-bit TIF, or 8-bit .dm4 files. 212 

 213 

3.2. Create a new session based on the settings from a previous session. 214 

 215 

3.2.1. Check the Based on prior session checkbox in the palette. 216 

 217 

3.2.2. Select the New button. 218 

 219 

3.2.3. Choose the folder containing the session on which the new session's settings are 220 

based. Go to the previous session directory to create the new session. Choose the folder to 221 

save the new session and associated data. 222 

 223 

3.2.4. Select and choose the folder where the new session and associated data will be saved. 224 

 225 

NOTE: Each state and its underlying settings (magnification, illumination conditions, image, 226 

or projector) and beam shift and camera parameters (total exposure, single-frame exposure, 227 

and binning) will be exported from the existing session to the new session. The path of the 228 

folder is shown as a text string at the bottom of the palette. Each of the states and 229 

configuration palettes has an asterisk (*) appended to the title to show that it has already 230 

been set up and is ready to use.  231 

 232 

3.3. Continue an existing session. 233 
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 234 

3.3.1. Press the Continue button in the palette to continue an existing session.  235 

 236 

NOTE: The atlas montage cannot be modified.  237 

 238 

3.3.2. Choose and navigate to the folder that contains the session that needs to be continued. 239 

 240 

3.4. Start an entirely new session. 241 

 242 

3.4.1. Click on New tab in the palette. Choose the folder that contains the session to be 243 

continued. Select a folder to save the data.  244 

 245 

NOTE: The default folder name is built by using the date and time. 246 

 247 

3.4.2. Click on the Setting icon. In the Manage state explore box that appears, add state, set 248 

the TEM condition, the camera condition, and image/stack, and then name the state. 249 

 250 

NOTE: The automated data acquisition workflow uses 5 different states for automated data 251 

collection. These states are configured and stored in their respective state palettes. The state 252 

summary is given in Table 1. 253 

 254 

3.5. Configure the atlas state. 255 

 256 

3.5.1. Click on Atlas state palette. 257 

 258 

3.5.2. Configure the atlas state with the following parameters: magnification 115x LM mode 259 

in nano probe, illumination conditions—spot size 8 and brightness 934400, binning: 1 and 260 

camera exposure time: 1.0 s for imaging at low magnification. Refer to the state summary 261 

given in Table 1. 262 

 263 

3.5.3. Click on Next to move to the next state. 264 

 265 

NOTE: Atlas state is the lowest magnification state, which provides the survey of the entire 266 

grid (Supplemental Figure S2). Generally, this state helps us visualize the entire grids at low 267 

magnification and judge the ice thickness, flatness, and broken square of the grids. It is 268 

recommended to generate the atlas at different areas of the grid to observe the optimal ice 269 

thickness and suboptimal ice thickness of the grids (Supplemental Figure S3). The mentioned 270 

parameters could be varied according to the user’s needs.  271 

 272 

3.6. Configure the grid state. 273 

 274 

3.6.1. Click on the Grid state palette. 275 

 276 

3.6.2. Configure the Grid state with the following microscope imaging optics (magnification 277 

380x LM mode in Nano probe), illumination conditions (spot size: 8 and brightness 626,200), 278 

binning: 1 and camera exposure time: 1.0 s. 279 

 280 
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3.6.3. See the Latitude-S state summary provided in Table 1. 281 

 282 

3.6.4. Click on Next to move to the next state. 283 

 284 

NOTE: The grid state is set at a magnification higher than the atlas state such that the field of 285 

view is one grid square (Figure 2). In this particular magnification, one grid square is observed. 286 

Therefore, holes are observed correctly in this magnification, which helps check the ice 287 

thickness of the holes (Supplemental Figure S4 ). A simple bandpass filter is used in the grid 288 

state to locate the holes in the patent grid. The mentioned parameters could be varied 289 

according to the user’s needs. 290 

 291 

3.7. Configure the hole state. 292 

 293 

3.7.1. Click on the hole palette. 294 

 295 

3.7.2. Configure the Hole state with the following microscope settings: imaging optics 296 

(magnification 4500x SM mode in Nano probe), illumination conditions (spot size: 7 and Beam 297 

diameter 8.81 µm), binning: 1 and camera exposure time: 1.0 s. 298 

 299 

3.7.3. Change the parameters if required based on the grid type. See the state summary 300 

provided in Table 1. 301 

 302 

3.7.4. Click on Next to move to the next state. 303 

 304 

NOTE: The SA mode indicates a high-magnification range in the electron microscope. The hole 305 

state is in the SA magnification range with a field of view of a few micrometers (10–20 µm) 306 

(Figure 2 and Supplemental Figure S4 ). This magnification range is higher than the Atlas or 307 

Grid state but much smaller than Focus/Data state. In this magnification, individual holes will 308 

be visible. The hole size is appropriate to observe high degrees of contaminations, empty 309 

holes, and the proper ice thickness of the holes. The holes for imaging are selected based on 310 

these assumptions. Two filters are used in the hole state: one for cross-correlating a hole 311 

reference image with a new hole image and another for adjusting the stage height to the 312 

eucentric height. 313 

 314 

3.8. Configure the focus state. 315 

 316 

3.8.1. Click on Focus palette. 317 

 318 

3.8.2. Configure the focus state with the following microscope settings: imaging optics 319 

(magnification 45,000x SA mode in nano probe), illumination conditions (spot size: 8 and 320 

brightness 934400), binning: 1 and camera exposure time: 1.0 s. 321 

 322 

3.8.3. Focus on the amorphous carbon area near the hole. Refer to the Latitude-S state 323 

summary provided in Table 1. 324 

 325 

3.8.4. Click on Next to move to the next state. 326 

 327 
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NOTE: The SA mode indicates a high-magnification range in the electron microscope. The 328 

Focus state is the higher SA range magnification. In focus mode, the beam is shifted to a 329 

nearby carbon area of the target hole and performs focus automatically to collect the data in 330 

the data state. A bandpass filter combined with a hanning or soft rectangular filter is used in 331 

the focus state to measure the offset between two focus state images of the same area 332 

(Figure 2). The mentioned parameters could be varied according to the user’s needs. 333 

 334 

3.9. Configure the data state. 335 

 336 

3.9.1. Click on Data palette. 337 

 338 

3.9.2. Configure the data state with the following microscope settings: imaging optics (e.g., 339 

magnification 28,000x, 45,000x, 54,000x at SA mode in nano probe), illumination conditions 340 

(spot size: 8 and brightness 934400), binning: 1 and camera exposure time: 1.0 s. 341 

 342 

3.9.3. Refer to the Latitude-S state summary given in Table 1. 343 

 344 

3.9.4. Click on Next to move to the next state. 345 

 346 

NOTE: Data state is the highest magnification selected based on pixel size requirements and 347 

target resolution (Figure 2). Generally, after focusing, the beam is automatically shifted to the 348 

target area to collect the data. The above-mentioned parameters could be changed based on 349 

the user’s requirements. 350 

 351 

4. Focus configuration 352 

 353 

4.1. Click on Focus configuration palette. Specify the range of defocus values and the step 354 

size in the given tab. 355 

  356 

4.2. Press Next button to move to the next step.  357 

 358 

NOTE: Lower defocus values can be used for high-resolution data acquisition. Generally, -0.5 359 

to -3.0 μm defocus values with 0.25 or 0.5 defocus step sizes are used for image acquisition. 360 

Users can skip the focus setup step if they only want to screen the sample. Simply press the 361 

Next button on the palette to skip the focus configuration step.   362 

 363 

5. Fine alignment 364 

 365 

5.1. Focus on some features on the grid (e.g., ice contamination hexagonal ice); see Figure 3.  366 

 367 

NOTE: Features should not be too big or too small. They should be visible at both Atlas state 368 

magnification 115x (LA mode) and data magnification. 369 

 370 

5.2. Click on the Capture button. Position the red cross mark on the same feature on each 371 

image of different states.  372 

 373 
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5.3. Start with focus, data, and hole states because their field of view is much bigger than the 374 

atlas and grid states. Zoom on atlas and grid states to position the red cross mark on the same 375 

feature in the atlas and grid states.  376 

 377 

5.4. Click on the Calculate button to calculate the positions of five different states, which will 378 

calculate the offsets between each of the states and reflect these to the output window.  379 

 380 

NOTE: The offset values are integrated into the states for further use (Figure 3). Fine 381 

alignment is performed to provide high accuracy of the position of each state (Figure 3). This 382 

fine alignment helps pinpoint the exact position in all the five states. Fine Alignment is critical 383 

for single-particle data acquisition. Therefore, it is highly recommended to perform Fine 384 

Alignment before imaging.  385 

 386 

6. Data acquisition procedure using Latitude-S  387 

 388 

6.1. Click on the Capture palette.  389 

 390 

NOTE: Generally, atlas data is collected at low magnification (115x) to visualize most of the 391 

grid squares. 392 

 393 

6.2. Choose the size of the atlas to cover the entire grid or part of the grid based on the 394 

requirement (e.g., 6 x 6, 8 x 8, 12 x 12, 6 x 8, 8 x 6, 12 x 8, or 8 x 12).  395 

 396 

NOTE: 16 by 16 atlas size covers the entire grid.  397 

 398 

6.3. Click on the Capture button to capture the atlas.  399 

 400 

NOTE: The main Latitude-S navigation window opens and fills the available space in 401 

DigitalMicrograph (Supplemental Figure S5). Three picture panes in the main navigation 402 

window show images of the system states at three different magnifications. The overall atlas 403 

is currently displayed in its current state of acquisition in the leftmost pane. Tiles in the atlas 404 

will fill up as each capture occurs. 405 

 406 

6.4. Select the grid square based on the ice thickness by navigating on the atlas (Supplemental 407 

Figure S5). Once the desired grid squares are selected, click on the Schedule button and 408 

observe the tiles in the grid square fill up as each grid square is captured. 409 

 410 

6.5. Click on the Schedule button once the grid squares are selected. 411 

 412 

6.6. Select a representative hole in the grid square by adding its position. Once a hole image 413 

is acquired, define the data and focus positions and save the layout as a template 414 

(Supplemental Figure S6). 415 

 416 

6.7. Click on Auto find, give the hole size (e.g., R1.2/1.3), and click on the Find button in the 417 

program, which will cause the Find program to automatically find the holes based on the hole 418 

diameter. Next, click on the Mark button to add the template (Figure 4) and add red circle 419 

marks in all the holes in one grid or partial grid square. 420 
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 421 

6.8. Set up the intensity to remove the holes from the grid square and ice contamination 422 

(Figure 4).  423 

 424 

NOTE: Finally, the selected holes will be marked in yellow for scheduling the data collection. 425 

 426 

6.9. Click on the Schedule button in Latitude tasks after adding the holes through Auto find. 427 

 428 

NOTE: Before scheduling the automated data collection, ensure that the liquid nitrogen tank 429 

level is sufficient, the autoloader turbo pump is off, and the RAID drive space is free. Latitude-430 

S task manager shows the number of atlas, grid square, hole, and data states scheduled for 431 

data collection (Figure 5). In Latitude-S GUI, various color schemes will be visible, and the 432 

meaning of the different color schemes will be displayed: 1. Yellow indicates unscheduled; 2. 433 

Green indicates scheduled; 3. Blue indicates Acquired; 4. Red indicates failed. 434 

 435 

7. Cryo-EM data processing 436 

 437 

NOTE: Cryo-EM image processing of spike protein is described in detail in recent literature25.  438 

 439 

7.1. Perform image processing of spike protein of SARS-CoV2 using RELION 3.011.  440 

 441 

7.2. Screen the movie images collected using Latitude-S manually, and perform beam-induced 442 

motion correction of the individual movies using MotionCor2 software9. Perform the initial 443 

screening of the motion-corrected micrographs manually with the help of cisTEM software 444 

package14.  445 

 446 

NOTE: Almost 85% of the automatically acquired micrographs were of good quality, and data 447 

had signal within 3.7–5.2 Å, which is calculated using cisTEM software14 (Supplemental Figure 448 

S7A,B).  449 

 450 

7.3. Process the data using the RELION 3.0 software package11.  451 

 452 

7.3.1. Pick spike particles manually and subject them to 2D class classification (Supplemental 453 

Figure S7C). Use the best 2D class as a reference to autopick 3,99,842 single-spike particles 454 

from the micrographs using the RELION autopick tool11.  455 

 456 

NOTE: Three rounds of 2D classification were carried out before subjecting the particles to 3D 457 

classification (Supplemental Figure S8). Approximately 2,55,982 single particles were 458 

selected for 3D classification, and the data set was classified into six classes. The final 3D auto-459 

refinement was performed with the best class; 85,227 spike particles were obtained from the 460 

3D classification.  461 

 462 

7.3.2. After auto refinement, perform per particle defocus refinement with proper beam tilt 463 

parameters for resolution improvement. Next, subject the particles to Bayesian polishing 464 

using the RELION 3.0 software package11. Finally, use the polished particle set for another 465 

round of 3D auto-refinement using RELION 3.011. 466 

 467 
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REPRESENTATIVE RESULTS: 468 

In the current pandemic situation, cryo-EM plays a key role in characterizing the structures of 469 

various proteins from SARS-CoV-226–29, which may help develop vaccines and drugs against 470 

the virus. There is an urgent need for fast-paced research efforts with limited human 471 

resources to combat the coronavirus disease of 2019. Data acquisition in single-particle cryo-472 

EM is a time-consuming but crucial step in the structure determination of macromolecules. 473 

Recent developments in cryo-EM automatic data acquisition have enabled limited human 474 

interference in data collection. The Latitude-S software is an important automatic data 475 

acquisition software package used here for the automated data collection of purified SARS-476 

CoV2 spike protein.  477 

 478 

Cryo-EM data acquisition of SARS-CoV-2 spike protein was performed with a 200 keV cryo-479 

EM equipped with a K2 Summit DED. The locations for data acquisition on the grid with 480 

desirable ice thickness and particle distribution were marked manually. The positions were 481 

marked in parallel during data acquisition occurring in the background. At the marked 482 

positions, Latitude-S software carried out automated data acquisition at a nominal 483 

magnification of 42,000x at the pixel size of 1.17 Å at the specimen level. The configuration 484 

for data collection at 42,000x magnification was pre-set and tested already. A total of 40 485 

frames were recorded for 8 s with the electron dose of 2 e−/Å2 per frame; thus, a total dose 486 

of 80 e−/Å2 was used for data collection (Supplemental Figure S9). The data were acquired at 487 

a defocus range of −0.75 μm and −2.25 μm, with 3,000 movie files collected in two days. Every 488 

4 h, periodic checks and adjustments were performed by the software to ensure that all the 489 

movie files collected over 48 h were of good quality and there was no beam shift or alignment 490 

shift. The data were collected independently without any human intervention. Additionally, 491 

Latitude-S automatically stops imaging at the time of liquid nitrogen filling, which reduces 492 

unnecessary vibration or mechanical drift in the images. 493 

 494 

As mentioned in the protocol section, the initial screening of motion-corrected micrographs 495 

was performed manually using cisTEM software14. Based on the screening, most of the data 496 

were found to be within the signal range of 3.7–5.2 Å (Supplemental Figure S7A). This 497 

suggests that the automatic data collection using Latitude-S is good, and most of the data are 498 

suitable for high-resolution 3D reconstruction. Additionally, images were collected at defocus 499 

range (0.75–2.25 µm), and various defocus ranges were manually checked by cisTEM14. The 500 

acquired data were very close to the setup defocus range in Latitude-S (Supplemental Figure 501 

S7A,B). 502 

 503 

Data processing was performed using the RELION 3.0 software package11. Spike particles were 504 

manually picked to calculate the 2D class averages. Various structural details (helix and β-505 

sheet) are visible in the 2D class averages (Supplemental Figure S7C), which strongly suggests 506 

that high-resolution structural characterization is possible using this data set. However, 3D 507 

classification also indicates that spike protein has 1-receptor-binding domain (RBD) up open 508 

and all RBD down close conformation (Supplemental Figure S8). The 3D classification 509 

indicates that class-1 has the maximum number of particles, which appear as a 1-RBD up open 510 

conformation. Furthermore, class-3 and class-4 have a similar number of particles, and both 511 

models appeared to have all RBD down close conformation. However, class-5 shows an 512 

intermediate conformation, where 1-RBD is in an intermediate position. However, the 1-RBD 513 

up open conformations of the spike protein were reconstructed using C1 symmetry, and the 514 
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overall resolution is 4.4 Å (Figure 6 and Supplemental Figure S10). Similarly, all RBD down 515 

close conformation (class-3 and class-4) were refined together with C3 symmetry, and the 516 

overall resolution at 0.143 FSC is ~3.9 Å (Figure 7).  517 

 518 

The overall image processing indicates that the spike protein adopts all RBDs down close and 519 

1-RBD up open conformation. Additionally, identify an intermediate conformation of the 520 

spike protein was identified. The high-resolution cryo-EM structure of the S2 subdomain of 521 

the spike protein indicates the side chains of individual amino acid residues (Figure 6B and 522 

Figure 7C). All the 3D reconstructions and cryo-EM results are highly similar to findings in 523 

recently published literature25. However, the high-resolution cryo-EM structure of the spike 524 

protein was characterized within 15 days, which is only possible because of automatic cryo-525 

EM data acquisition protocols and automatic particle-picking software. Therefore, automatic 526 

data acquisition software packages, including Latitude-S, can significantly contribute to the 527 

characterization of several high-resolution cryo-EM structures of biological macromolecules.   528 

 529 

FIGURE AND TABLE LEGENDS: 530 

 531 

Figure 1: Workflow of automated data acquisition using Latitude-S: General steps to be 532 

followed before data collection (grid preparation, sample loading, and microscope tuning). 533 

Data acquisition is the main part of this manuscript, and the pipeline to be followed during 534 

data acquisition is highlighted. Abbreviations: cryo-EM = cryo-electron microscopy. 535 

 536 

Figure 2: Setup of different states for single-particle data collection using Latitude-S GUI. (A) 537 

Latitude-S software package for data acquisition in DM3 software suit. (B) Workflow of the 538 

data acquisition procedure. (C) Expansion of each panel. Abbreviation: GUI = graphical user 539 

interface. 540 

 541 

Figure 3: Fine alignment to set up high accuracy for focusing and image acquisition. Fine 542 

alignment is performed on five states a. Atlas, b. Hole, c. Data, d. Grid, e. Focus. Focus each 543 

state by placing the red mark on the same position. It is highly recommended to perform Fine 544 

Alignment before starting any new session, which will help perform imaging in a particular 545 

position. Image acquisition in a particular position (without any major shift) completely 546 

depends on the accuracy of the fine alignment. 547 

 548 

Figure 4: Automatic hole selection using Latitude-S. Auto find of holes for data acquisition is 549 

carried out automatically based on hole size. (A) Shows the position of the hole-finding vector 550 

for auto-finding the holes. Scale bar = 20 µm. (B) Shows the marking of holes using the hole 551 

finding vector and adjusting the intensity to remove the marker from the border area and ice 552 

contamination. Scale bars = 20 µm (left) and 10 µm (middle). (C) Shows the automatic adding 553 

of the holes for imaging (yellow). Scale bar = 20 µm. 554 

 555 

Figure 5: Live view of data acquisition. (A) The positions are marked in yellow, green, blue, 556 

and red based on the status of data acquisition in each position. (B) Color code for monitoring 557 

the status of data acquisition. Green: Scheduled, Yellow: Unscheduled, Blue: Acquire, Red: 558 

Failed. The left panel shows several holes colored green (scheduled) and a few holes marked 559 

blue (acquired); scale bar = 10 µm. The middle panel shows 4,300x magnification of an 560 

individual hole. In this image of a hole (middle panel), the blue square box shows the focus 561 
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area, and the green square box shows the imaging region; scale bar = 1000 nm. The right 562 

panel shows the acquired image. The extreme right panel shows the scheduled image 563 

numbers, total time required for imaging, and how many images are scheduled for imaging.    564 

 565 

Figure 6: Spike 3D mode with 1RBD open. (A) Auto-refined and sharpened spike protein map 566 

of 1-RBD up open is represented in side, top, and bottom views. (B) EM map is fitted with 567 

crystal structure for better visualization of the side chains. The highlighted regions in the map 568 

have densities for side chains. Abbreviations: 3D = three-dimensional; RBD = receptor-binding 569 

domain; EM = electron microscopy; NTD = N- terminal domain; S1 = subunit 1; S2 = subunit 2. 570 

 571 

Figure 7: All RBD down close conformation of spike protein. (A) Auto-refined and sharpened 572 

spike protein map of all RBD down close conformation represented in side and top views. (B) 573 

EM map is fitted with crystal structure for better visualization of the side chains. The arrows 574 

show that the regions in the map have densities for side chains (C). Abbreviations: RBD = 575 

receptor-binding domain; EM = electron microscopy; NTD = N- terminal domain; S1 = subunit 576 

1; S2 = subunit 2. 577 

 578 

Supplemental Figure S1: Latitude-S image acquisition GUI: Various microscope controllers 579 

(e.g., column valve open/close, screen insert/retract are controlled by the Latitude-S GUI. 580 

Column valve, camera, screen status, and liquid nitrogen filling could be controlled in the left 581 

panel. At the bottom of this panel, various calibration parameters appear green (e.g., 582 

Magnification, beam tilt, objective focus). If any parameter appears black, it indicates that the 583 

parameter is not optimized correctly. Therefore, all parameters should be optimized before 584 

starting any new session. Abbreviation: GUI = graphical user interface.  585 

 586 

Supplemental Figure S2: Representation of Atlas state. Different Atlas states showing grid 587 

squares and the type of ice formed. (A–F) Various Atlas sizes are also highlighted. (A, B, D, F) 588 

A thick ice pattern is highlighted. (C, D) Broken squares are highlighted. Thick ice and broken 589 

regions (marked in the figure) are not suitable for imaging. (E, F) Good grid squares for 590 

imaging; A, B, C, D, and F show the grid squares suitable for high-resolution imaging. However, 591 

thick ice grid squares and broken grid squares must be excluded. Scale bars = 100 µm (A–C), 592 

50 µm (D, E), and 25 µm (F). 593 

 594 

Supplemental Figure S3: Representation of Grid state and Hole state. Grid state and 595 

corresponding Hole state are shown in the image. (A, E) Empty hole, (F, G) thick ice, (E) ice 596 

contamination, and (A, B, C, D, E, and G) suitable ice thickness is marked in the image. Suitable 597 

ice thickness holes are selected for the image acquisition (A, B, C, D, E, and G). Scale bars = 10 598 

µm (A, E, F, G), 2 µm (B), 50 µm (C), 5 µm (D). 599 

 600 

Supplemental Figure S4: Hole reference for automatic imaging. Hole image (QUANTIFOIL-601 

Holey Carbon grid QUANTIFOIL R 1.2/1.3) is captured and saved for future reference. The size 602 

of the hole reference could be varied based on the different types of grids. It is recommended 603 

to always capture the hole reference before starting any new session. 604 

 605 

Supplemental Figure S5: Image-capturing panel at various magnifications and hole 606 

selection. (A) The capture panel shows the settings for data acquisition. (B) The Latitude-S 607 

main navigation window shows three consecutive magnifications. In Atlas state (150x), the 608 
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grid squares are selected for data acquisition (left-hand panel, scale bar = 50 µm). In higher 609 

magnification (380x), a single square is focused (middle panel, scale bar = 20 µm). Further 610 

higher magnification (4,300x), holes inside each square are focused (right-hand panel, scale 611 

bar = 5 µm). However, these magnifications would change according to the size and shape of 612 

the grids.  613 

 614 

Supplemental Figure S6: Creating a template for hole selection and imaging. Template 615 

generation is performed by adding a position on the hole for data, and the focus is positioned 616 

adjacent to the hole on the carbon surface. The focus should position on the carbon area so 617 

that the beam diameter should not touch any adjacent hole. Scale bars = 20 µm (left panel), 618 

10 µm (middle panel), 1000 nm (right panel). 619 

 620 

Supplemental Figure S7: Cryo-EM imaging of SARS-CoV2 using Latitude-S and image 621 

screening. (A) Screening of acquired micrographs: 1D CTF fit, 2D CTF fit, and CTF parameters; 622 

estimation of the SARS-CoV2 spike protein data using cisTEM. 1D CTF fit and Thon ring shows 623 

that the overall signal is 4.8 Å. (B) Micrographs at two different defocus value of the spike 624 

protein are acquired using Latitude-S. Scale bars = 50 nm. (C) Final 2D class average. 2D class 625 

average shows top, bottom, and side views of the spike protein. All the high-resolution details 626 

are visible in 2D class averages. Abbreviations: cryo-EM = cryo-electron microscopy; 1D = one-627 

dimensional; 2D = two-dimensional; CTF = contrast transfer function; SARS-CoV2 = severe 628 

acute respiratory syndrome coronavirus 2. 629 

 630 

Supplemental Figure S8: Data processing of SARS-CoV2 spike protein data acquired using 631 

Latitude-S software. The image shows the workflow followed for processing the cryo-EM data 632 

of spike protein. 3D classification of spike protein is performed using Relion 3.0. Class-1 shows 633 

the 1-RBD up open conformation. Class-3 and Class-4 show all RBD down close conformation 634 

of spike-protein. Class-5 shows the intermediate conformation of the spike protein. 635 

Abbreviations: cryo-EM = cryo-electron microscopy; 3D = three-dimensional; RBD = receptor-636 

binding domain; SARS-CoV2 = severe acute respiratory syndrome coronavirus 2. 637 

 638 

Supplemental Figure S9: Dose-fractionated image captured as a reference for final image 639 

acquisition. Dose fractionation images are captured with an 8.0 s exposure and 0.2 s/frame 640 

exposure. Click on the Auto save button near the camera to save the movie files 641 

automatically. After image acquisition, click on the image and save the dose-fractionated 642 

image parameters using the image updated button in the data collection state.  643 

 644 

Supplemental Figure S10: Angular distribution and Fourier shell correlation of the 645 

generated SARS-CoV-2 1 RBD up open conformation spike protein map. (A) Angular 646 

distribution of the final 3D model of 1-RBD up open conformation of the spike protein. Blue 647 

represents lower values, and red represents higher values of the normalized particle 648 

distribution. (B) Fourier shell correlation curve showing 4.4 Å resolution of the 1-RBD up open 649 

conformation of spike protein, estimated at the cut-off. Abbreviations: 3D = three-650 

dimensional; RBD = receptor-binding domain; SARS-CoV2 = severe acute respiratory 651 

syndrome coronavirus 2; FSC = Fourier shell correlation. 652 

 653 

Table 1: Latitude-S state setup summary. 654 

 655 
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Table 2: Camera specifications. 656 

 657 

Table 3: Microscope configuration. 658 

 659 

DISCUSSION: 660 

Latitude-S is an intuitive user interface, which provides an environment to automatically set 661 

up and collect thousands of high-resolution micrographs or movie files in two days. It provides 662 

easy navigation across the grids and maintains the position of the microscope stage while it 663 

moves from low magnification to high magnification. Each step of data acquisition with 664 

Latitude-S is time-efficient, with features such as a simple user interface, fast streaming of 665 

data at up to 4.5 GB/s speed, and simultaneous display of data during acquisition. 666 

Additionally, precalibrated dose fractionation, dose rate, focus, and magnification parameters 667 

were easily reloaded to start a new session of automatic data acquisition and save time.  668 

 669 

Acquiring data automatically in the absence of constant monitoring and without 670 

compromising the quality of the data set is a challenging and time-consuming task. 671 

Automated data collection using Latitude-S software is convenient when time and resources 672 

are major constraints, particularly during this pandemic. However, several cryo-EM structures 673 

of various proteins of SARS-CoV-2 have been resolved in the past few months, which will help 674 

pharmaceutical companies develop vaccines. Different laboratories use different types of 675 

automatic data collection software packages to collect data. We used Latitude-S with a K2 676 

Summit DED for cryo-EM automatic data collection on holey carbon grids or homemade GO 677 

coated grids30.  678 

 679 

That study was performed using the above-mentioned parameters in the protocol section, 680 

which provides strong evidence that Latitude-S is a suitable and ideal software package for 681 

automatic data collection for single-particle cryo-EM. However, it is highly recommended to 682 

follow certain protocols before starting the imaging using a K2 camera. The K2 direct 683 

detection camera requires basic maintenance routines to achieve the highest performance. 684 

Regular annealing of the camera to 50° for 24 h helps the sensor perform optimally by 685 

reducing the background noise and contamination at the surface level. However, after camera 686 

annealing, updating the gain and dark references of the camera is a mandatory step (takes 687 

~45 min) before performing any image acquisition. 688 

 689 

Although Latitude-S is a stable and user-friendly software package for cryo-EM automatic data 690 

collection, it is essential to optimize various parameters (magnifications, spot size, brightness, 691 

and dose rate) in 5 different states of Latitude-S at the beginning. The magnification of holes 692 

or grid states depends on the hole sizes of the holey grids or holey grid types (e.g., R2/2 or 693 

R1.2/1.3 or R 0.6/1). For example, the R0.6/1 type grid hole size is 0.6 μm, and the hole size 694 

of the R2/2 grid is 2 μm. Thus, two different types of magnification are required to visualize 695 

the holes properly for grid types R0.6/1 and R2/2 in the grid and hole states in Latitude-S.  696 

 697 

Therefore, the magnification settings for various types of grids in 5 different states will be 698 

variable. The spot size and the brightness highly depend on the magnification. Hence, these 699 

values may change at different magnification values. Therefore, it is recommended to 700 

optimize the various parameters of the 5 different states of Latitude-S using different types 701 

of cryo-EM grids before starting automatic data acquisition. However, once all the parameters 702 
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are optimized and saved, it is easy to reload all the parameters based on the user’s 703 

requirement and use Latitude-S at different magnifications or grid types. 704 

 705 

An important benefit of using K2 with Latitude-S is that users can easily regulate the 706 

open/close the beam valve, insert/retract the camera, insert/retract the phosphor screen of 707 

the microscope, and regulate liquid nitrogen filling using the GUI of Latitude-S. However, any 708 

other options (such as gun tilt, gun shift, beam shift, pivot points, C2 aperture centering, 709 

rotation center, coma-free alignment) are not accessible through the K2 Latitude-S GUI Tab 710 

(Supplemental Figure S1 and Figure 2). During the long hours of data collection, the position 711 

of the beam may shift.  712 

 713 

Latitude-S can execute automated periodic checks and corrections to keep track of the 714 

system’s stability throughout the data acquisition period. The stability of the system is 715 

maintained by centering the beam and updating the dark references. The constant check 716 

ensures the high quality of the acquired data. In Latitude-S, eucentric height (Z-height) is 717 

corrected only once before data collection, and the eucentric height is calculated 718 

automatically by Latitude-S when it changes the grid square. The focus is automatically 719 

measured and adjusted based on the user-defined focus range. The program will reset the 720 

stage Z position if it exceeds the given threshold value. This stability is controlled through the 721 

System Stability palette. However, like other automatic data acquisition packages, Latitude-S 722 

also has some limitations.  723 

 724 

Latitude-S cannot calculate the eucentric height (Z-height) if the grid is uneven. In this 725 

scenario, it cannot collect any data, or the defocus values will be completely out of range. 726 

Therefore, users should be extremely cautious to prepare their grids without any bend and 727 

image only flat-surface grids using Latitude-S. Furthermore, unlike Leginon, SerialEM, and 728 

UCSF-Image, Latitude-S is not a freely available software package. Latitude-S is compatible 729 

with Gatan cameras, including filtered or standalone K2, K3, and K3 base direct detection 730 

cameras, as well as Rio and OneView cameras. Another important disadvantage for users is 731 

that it is not compatible with other popular DEDs such as Falcon DED. However, this is also 732 

true for EPU, another automatic data acquisition software package, which is available with 733 

cryo microscopes and only compatible with the Falcon camera. However, EPU is also 734 

functional with K2/K3 with an energy filter (BioQuantum K3 Imaging Filter) but not with a 735 

standalone K2/K3 camera. 736 

 737 

Latitude-S is quite similar to EPU, SerialEM, AutoEM, AutoEMation, and Leginon, which are 738 

software packages used for automatic data acquisition for single-particle cryo-EM. However, 739 

Latitude-S is only compatible with K2 DED, K3 DED, or BioQuantum K3 Imaging Filter. 740 

Additionally, continuous technical support is provided by the company for Latitude-S users. 741 

This technical support is beneficial for small user groups, who need to use the K2 DED, K3 742 

DED, or BioQuantum K3 Imaging Filter devices for data acquisition and have no prior 743 

knowledge on how to set up or use free software packages such as SerialEM and Leginon.  744 

 745 

There are many other features, such as microcrystal electron diffraction (microED), 746 

tomography, and energy-dispersive X-ray spectrometry (EDS), which are available in various 747 

other versions of Latitude. Therefore, users can use the same software package for data 748 

collection in other modes. To our knowledge, data collection for microED, tomography, and 749 
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EDS is not available in EPU or any other software packages. Therefore, this Latitude software 750 

package could be useful for different purposes in addition to automatic data acquisition in 751 

single-particle cryoEM. However, SerialEM and Leginon, both free software packages, are 752 

suitable for Falcon or K2/K3 cameras and are extremely useful for new users. However, 753 

Latitude-S is not freely available, which might be a disadvantage of this software package.  754 

 755 

In summary, the Latitude-S automatic data acquisition tool is as good as other automatic data 756 

acquisition software packages (e.g., EPU, Leginon, SerialEM, UCSF-Image). Latitude-S is an 757 

extremely stable and user-friendly data acquisition software package, which is available with 758 

filtered or standalone K2, K3, and K3 base direct detection cameras, as well as Rio and 759 

OneView cameras.  760 
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Table 1 Latitude-S State Setup Summary

Atlas Image State Atlas 115

Magnification 115, Pixel size 34.7 nm

Indicated Defocus 4.38 mm

Spot Size 8

Brightness 934400

Mode IMAGINGILM

Binning 1

Exposure Time 1.0 s

Grid Survey State Grid 380

Magnification 380, Pixel size 11.2 nm

Indicated Defocus 2.37 mm

Spot Size 8

Brightness 626200

Mode IMAGINGILM

Binning 1

Exposure Time 1.0 s

Hole Survey State Hole 3400

Magnification 3,400, Pixel size 1.20 nm

Indicated Defocus -0.75 µm

Spot Size 7

Beam Diameter 8.81 µm

Mode IMAGINGILM, SA, Mh

Binning 1

Exposure Time 1.0 s

Focus State Focus 45k

Magnification 45,000, Pixel size 0.0924 nm

Indicated Defocus 4.51 µm

Spot Size 6

Beam Diameter 0.716 µm

Mode IMAGINGILM, SA, Mh

Binning 1

Exposure Time 1.0 s

Acqisition State Data 45k

Magnification 45,000, Pixel size 0.0924 nm

Defocus Setup Min: -4,500 nm, Max: -1,500 

nm, Steps: 250 nm

Spot Size 6

Beam Diameter 0.752 µm

Mode IMAGINGILM,SA,Mh

Binning 1

Exposure Time Total 8 s exposure for 20 

frames 
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Camera setup Counted, Gain Normalized, D

efect Corrected
Data save setup MRC



Table 2 Camera Specifications

Specification

TEM operating voltage

Sensor active area

Sensor size in pixels

Physic al pixel size

Binning

Sensor read-out

Magnification relative to film

Sensor read-out speed

Transfer speed to computer

Image display

DQE performance (300 kV)

Software

K2 Base

200-400 kV

19.2 mm × 18.6 mm

Gatan Microscopy Suite including DigitalMicrograph

3838 × 3710

5 µm

1–8x

Any arbitrary area

1.3–1.5x

50 full fps

8 full fps

8 full fps

>0.30 (peak)

>0.25 at 0.5 of physical Nyquist
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K2 Summit

7676 × 7420 Super-

Resolution

400 full fps

40 full fps

10 full fps

>0.7 (peak)

>0.50 at 0.5 of physical Nyquist

>0.06 at 1.25 of physical Nyquist



Table 3 Microscope Configuration

Source XFEG

Configuration Option Value

Microscope Type Talos Arctica G2

High Tension 200 kV

Lens Cryo Twin

Vacuum System Talos TMP IGP

Sample Loader AutoLoader
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Dear Dr.Vidhya Iyer, Ph.D., 

 

At the outset, we would like to thank you for giving us an opportunity to resubmit the revised 

manuscript in your journal.  Additionally, we would like to thank the Review Editor (Vidhya Iyer, 

Ph.D. Review Editor) for the constructive suggestions, comments and for changing the formatting 

of our manuscript. By addressing these comments, we feel the quality and impact of our manuscript 

have significantly improved. According to the Editor’s suggestions, 10 figures are shifted to 

supplemental figures and 7 main figures are there. Additionally, we have modified the title of the 

manuscript. Please find enclosed our revised manuscript entitled, “A User-friendly, High-

throughput, and Fully Automated Data Acquisition Software for Single Particle Cryo-electron 

Microscopy” which we are submitting for review as a video article in the Methods Collection on 

cryo-EM in your prestigious journal “Journal of Visualized Experiments”.   

Two figure files “main figures” and “supplemental figures” are attached with this manuscript. We 

have addressed all the comments of the Editor’s and highlighted all the answers in the manuscript 

using the reply button of the Editor’s comments.  Additionally, some sentences, which are not 

required or modified are “strikethrough” but did not delete it from the manuscript.  If we delete 

the sentence, the Editor’s comments and Author’s answer willalso deleted. Therefore, these lines  
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are only “strikethrough”, not deleted from the text. Track changes are on to visualize the changes 

are made during this revision. Also, we highlighted the Protocol (including headings and spacing) 

that identifies the essential steps {starting from Protocols Number 3 (3.1.) to Protocol number 

6 (6.12)} of the protocol for the video.  

All authors reviewed the manuscript, and Structure Final File Checklist and agreed to the 

submission of the revised manuscript. We hope the manuscript will be acceptable for publication. 

Please feel free to contact me if you have any questions. 

Sincerely,  

 

Somnath Dutta (Assistant Professor) 

Molecular Biophysics Unit 

Indian Institute of Science 

Bangalore 560012 
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