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Cryo-electron microscopy is a powerful technique that can determine the
three-dimensional structure of proteins with high-resolution. It requires the acquisition of
thousands of images from the sample. Previously, several days of data collection were required to
produce a high-quality result. This was not very efficient because only a few researchers could use
the expensive electron microscope every month. In this project, we developed and applied in practice

a method that improved the image acquisition speed more than five times. Before, we could collect
only about 1000 images per day. Now, we are collecting on average about 5500 images every day. This
greatly improved the efficiency of the experiments and allowed more researchers to use the
microscope.

cryo-electron microscopy molecular structure
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1. WFFEEHAEYS gD 5 (Research background)

In the last ten years, cryo—electron microscopy (cryo—EM) experienced a “resolution
revolution” . The performance of the technique was improved drastically by the
introduction of direct electron detectors. These new cameras provide much better
signal-to—noise ratio by enabling detection and counting of single electron and allow
the acquisition of multi—frame “movies” instead of single shot images. The jump in
detector performance and new data processing methods led to vastly higher resolution
in the reconstructed 3D maps biological macromolecules. The resolution improved from
“10 A to "3 A, which allows building of atomic models of the investigated proteins.
The new performance level of cryo—EM greatly expanded its scope of applications and
increased its popularity. Many researchers from other structural biology fields, such
as x-ray crystallography, became interested in using cryo—EM in their studies. The
high cost and limited availability of high—end cryo—microscopes created a congestion
at microscope facilities. A typical dataset for a high-resolution 3D reconstruction of
a molecule consists of ~5000 images. The automated data acquisition speed was typically
~1000 images/day. This meant that each dataset required several days of data acquisition.
Consequently, each microscope could be used for less than ten projects per month.

2. W5E@» BH (Purpose of the research)

With this research we aimed to resolve the experimental throughput limitation of high-—
end electron microscopes by increasing the acquisition speed several-fold. This will
improve the efficiency of microscope usage and allow more researchers and projects to
be accommodated in the same amount of time. The increased throughput also means that
researchers will be able to get faster results and/or results from more samples. And
finally, by improving the productivity of high—cost electron microscopes, the use of
public funds in the form of research budgets will be much more efficient

3. WD FE (Method of research)

To improve the efficiency and speed of cryo—EM data acquisition, we will develop and
implement an “adaptive optics” method. One of the most time-wasting steps in cryo-
EM data collection is the wait of 20 s after each sample stage movement for the
mechanical drift to settle. If we can eliminate this step, the image acquisition speed
will be drastically improved. The new optical approach involves using the beam
deflectors of the microscope to shift the beam optically to nearby areas on the sample
instead of moving there with the specimen stage. This will eliminate the mechanical
drift associated with stage moves and will significantly reduce the required instances
of drift-settling pauses. To achieve our goal, we followed the following research plan:
(1) Accurately calibrate the beam deflector and investigate its linearity and range
(2) Develop acquisition routines for multi-shot “adaptive optics” data collection
and implement them using the scripting language of the data acquisition automation
software package SerialEM.
(3) Test the adaptive optics routines with test samples to determine their efficiency
and to incorporate possible improvements
(4) Use the new method for data acquisition of actual research project samples and
further refine the routines if necessary.

4. Wrgepk R (Research results)

(1) We performed a careful and accurate calibration of the beam—shift deflector coils

This included measurement of the absolute amount of the beam shift and the
perpendicularity of the X and Y shifts. Furthermore, beam shift alone is not sufficient
for optically shifting the image area. It must be combined with image-shift deflector
coils in order to bring the shifted beam image back on the detector. We carefully
calibrated the beam—image shift compensation to achieve accurate compensation and
stationary beam position on the camera independent of the applied beam—image shift

After completing the calibrations, we measured the usable range of the beam—image shift
and determined that at least 10 um of shift can be used in all directions. This
completed the microscope preparations for starting the development of the software
components for the adaptive optics approach.



(2) We selected the free microscope control and automation software package SerialEM
as the platform on which to build the adaptive optics routines. It provides almost
full remote control of the microscope hardware, has many built—in functions and offers
comprehensive scripting support. We started development and testing of the routines
with the simplest target acquisition pattern comprising just four support film holes
around the stage position in the center. After confirming its feasibility, we collected
a test dataset which also showed the beam—image shift routine is working as intended
We then moved on to developing a routine that is capable of collecting images in nine
holes around the stage position. The development was successful, and the new routine
became the standard data acquisition method at the cryo—EM facility

Figure 1. Illustration of the stage positions (red crosses) before (a) and after (b)
the implementation of the adaptive optics approach. The blue square in (b) shows a
nine—hole area around a stage position that will be acquired with beam—image shift

Fig. 1 shows a comparison between the stage movement positions (red crosses) without
(a) and with (b) the adaptive optics approach. The new approach reduces the stage moves
by almost ten times and saves the according amount of drift-settling time

(3) We tested the new data acquisition method with an apoferritin test sample and it
performed according to the desired specifications. We added additional options for
automated centering of the zero—loss peak of the energy filter and camera dark reference
acquisition every few hours, which improved stability of the system and the quality of
the data. At this stage of the development we hadn’ t yet incorporated a beam—tilt
compensation algorithm, but because coma—correction could be performed in the data
processing software we started using the new acquisition technique in actual biological
project applications

(4) After the optical shift data acquisition approach started working reliably in
tests, we immediately started to use it for actual data acquisition. From the beginning,
the method worked very well and we were able to acquire data much faster than with the
old stage—move technique. On average, the new method achieved image acquisition
throughput of 260 images/hour, which translates to 5,500 ~ 6,000 images/day. The
variations in daily throughput are due to the extra offline time required to load and
set up the acquisition for a new sample. This was a dramatic improvement and allowed
to acquire a complete dataset in 24 hours instead of several days. After using the
method in several projects and correcting the off-line coma during software processing

we incorporated the final component of the approach - on—the—fly beam—tilt compensation.
This reduced the off-axis coma in the data to almost negligible levels and now provides
a much better starting point for achieving high-resolution reconstructions. With the
use of the new data acquisition method, we were able to achieve several groundbreaking
results in determining protein structures at unprecedented resolutions. This includes
several G—protein coupled receptor complexes, that are traditionally a difficult target
for cryo—EM, at resolutions better than 2.5 A (see publications list). We will continue
to develop and improve the adaptive optics approach in the future in our constant
pursuit of excellence in our scientific research.
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