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Major Goals: The primary research goal of the project is to build mathematical models to investigate the unsolved
questions regarding the molecular mechanism of the co-translational protein targeting process. The specific
objectives are as follows. (a) Build a novel multi-level hidden Markov model for the conformational dynamics of the
molecular complexes that govern the protein targeting process. This multi-level mathematical modeling allows to
combine and extract information from multiple proteins for a deeper understanding of the molecular mechanism. (b)
Employ the multi-level hidden Markov model to account for the stochastic heterogeneity among the multiple
proteins, which is necessary for detailed molecular understanding of the co-translational protein targeting process.
(c) Apply the multi-level hidden Markov model to recent single-molecule experimental data on bacterial protein
targeting systems. Direct fitting to the biological data not only gives the experimental assessment of the model, but
also allows to extract experimental information in combination with our mathematical model to elucidate the
detailed molecular mechanism of protein targeting.

Accomplishments: A major mathematical challenge that makes it difficult to model and analyze the experimental
data, which consist of hundreds of data trajectories, each of which is a time series that corresponds to the
conformational change of one protein complex, is that the data trajectories are probabilistically heterogeneous,
meaning that they cannot be regarded as coming from the same stochastic process.

Owing to this difficulty, one cannot use the conventional likelihood theory (including maximum likelihood and
traditional Bayesian statistical methods), which is built on the assumption that the trajectories are identically
distributed, to study the heterogeneous experimental data. To bypass the difficulty, researchers previously have
tried to analyze the data trajectories one by one, and then overlay the results on top of each other (e.g., through
histograms) to put them together. But this is very inefficient, because as each data trajectory is handled in solo it
does not allow any information sharing between the different data trajectories. We introduced a novel multi-level
hidden Markov model (HMM), and the multi-level structure enables us to account for the stochastic heterogeneity of
individual proteins (as revealed in their respective data trajectories) as well as to efficiently combine and extract all
the information from the multiple proteins. Specifically, in our hierarchical HMM, the global stochastic
characteristics at the top layer generates the individual stochastic characteristics of each HMM that models each
protein at the middle layer. The individual stochastic characteristics at the middle layer controls the evolution of the
respective Markov chain at the lower layer, which in turn generates the observable through the HMM observational
equation. The individual HMMs at the middle layer are linked at the top layer. This hierarchical structure enables us
to combine all the information from all the protein complexes to accurately estimate/infer the global stochastic
characteristics, the estimate of which, in turn, provides better estimate of the individual characteristics. This way of
conducting inference for the individual characteristics is much more efficient in that we are able to combine the
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information from all the protein complexes, instead of doing the inference on the individual protein complexes one
by one.

Before our multi-level hidden Markov model was introduced, researchers have tried to analyze the data trajectories
one by one, owing to the inherent stochastic heterogeneity (as the conventional likelihood theory cannot be applied
to combine the data trajectories). Such method is very inefficient, as each data trajectory is handled in solo. Our
multi-level structure enables us to account for the stochastic heterogeneity of individual data trajectories and at the
same time to efficiently combine and extract all the information from the hundreds of data trajectories.
Consequently, we are able to improve the estimation efficiency by up to two orders of magnitude.

Applying our multi-level hidden Markov model as diagrammed above to the single-molecule experimental data on
the prokaryotic (bacterial) system, we are able to delineate the detailed mechanistic steps of protein targeting.

Step 1. SRP (Signal Reconition Particle) recognizes the signal sequence on RNC (ribosome-nascent-chain
complex) and binds it. The RNC is delivered to the target membrane where the SR (Signal Receptor) can localize
to.

Step 2. When the SRP-SR complex is initially formed, the FtsY complex binds at the RNA capped end near the
ribosome exit site, blocking the site from translocon binding.

Step 3. As the RNC initiates contact with the translocon, the latter actively facilitates the conformation change of
SRP-SR complex and drives the FtsY complex from the capped end to the distal end of RNA.

Step 4. GTP-hydrolysis is initiated at the RNA distal end to disassemble the SRP and SR. Meanwhile, the nascent
chain is released from the Ffh M-domain to the translocon on the membrane.

Training Opportunities: A Ph. D. student Ms. Yang Chen worked on and was funded by the project. Ms. Yang
Chen graduated from Harvard University in May 2017. A significant part of her thesis is based on the project. She is
currently an assistant professor of statistics at the University of Michigan.

Results Dissemination: Nothing to Report

Honors and Awards: A Ph. D. student Ms. Yang Chen working on and funded by the project got the “NESS IBM
Student Award,” which was given to the best student papers at NESS (New England Statistical Symposium). Yang
Chen graduated from Harvard University in 2017; a significant part of her thesis is based on the project. She is
currently an assistant professor of statistics at the University of Michigan. Her job talk primarily focused on the
result of this project.

Protocol Activity Status:
Technology Transfer: Nothing to Report
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1. An illustration of our hierarchical hidden Markov model (HMM):
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2. Applying our multi-level hidden Markov model as diagrammed above to the single-molecule
experimental data on the prokaryotic (bacterial) system, we are able to delineate the detailed
mechanism of protein targeting, as showing in the following illustration:
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