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Accurately placing macromolecular assemblies in the cellular context is an important step in understanding their mechanistic role
inside the cell. Template matching is a classic object detection method that finds patterns in an image that match a template by
calculating a cross-correlation (CC) at each x and y location in the image. The CC output will be the highest at locations that
contain target patterns. Template matching has been successfully applied to locate particles in situ by matching tomograms
with a 3D reconstruction of the target (3DTM) [1]. However, the inherent low resolution of the tomogram and 3D template
can cause a high false positive rate in 3DTM unless the further classification is performed [2]. 3DTM relies largely on low-
resolution features, the molecular shapes, making it challenging to distinguish targets with compositional or conformational het-
erogeneity, detect particles in close proximity to one another, or identify particles in densely packed environments, such as nuclei.
Recently, a 2D template matching (2DTM) approach was developed by our lab to locate targets such as ribosomes and viruses

in cellular cryo-EM images with high positional and orientational accuracy [2, 3], leading to a complete picture of local environ-
ments and molecular structure of a cell. In previous work, we have shown that 2DTM could distinguish related molecular pop-
ulations such as mature 60S and late nuclear (LN) 60S using the subcellular localization as prior information or distinguish mixed
populations of nuclear pre-60S when no prior is available [4].
Despite its success in detecting and discriminating related ribosome intermediates in cells, the current 2DTM approach suffers

from several limitations. For example, 2DTM has a high false negative rate, making it difficult to detect rare targets, as it uses a
high threshold to discriminate between true positives and false positives. Moreover, multiple factors, including factors unrelated
to the structure of the targets, may affect the 2DTM SNRs, complicating their interpretation. Finally, the 2DTM SNRs are pro-
portional to the molecular weight of the target, limiting current detection to 300-400kDa in samples with 150-200nm ice thick-
ness [3, 5]. Targets with smaller molecular weights or thicker ice aremore challenging to detect. In this work, we havemodeled the
signal and noise distribution of 2DTM SNRs using the extreme value theorem and explored the physical limits of 2DTM to better
detect targets in cells.
The 2DTM SNR at an x and y location is the maximum CC calculated at this location between the image and template pro-

jections in different orientations. The fact that the SNR is defined as a maximum enabled us to model its distribution using the
extreme value theorem [6-8]. We have modeled the 2DTM SNRs of 10 micrographs of yeast cells, searched with mature 60S and
LN 60S, respectively [4]. Our results showed that the x and y locations in a cryo-EM image could be modeled using a mixture of
two populations, locations with signal and without signal. Moreover, the weights of the populations provide an unbiased estima-
tion of target molecule concentration in the cell compared to the number of peaks that are currently used in 2DTM, especially for
targets with weaker 2DTM signals (e.g., targets that are more dynamic or with smaller molecular weights).
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