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Figure 1 Protein molecular machines can only perform their specific
functions through dynamic changes in structure. This dynamic behavior
spans multiple time and spatial scales. Only by integrating different
experimental and computational methods can we comprehensively
understand the working mechanism, regulation, and regeneration of
protein machines (color online).
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Table 1 Comparison of different methods for protein structure and dynamic analysis
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Figure 2 By labeling proteins with paramagnetic probes and analyzing the paramagnetic relaxation enhancement (PRE) caused by protein—protein
interactions, it is possible to capture and characterize ultra-weak interactions. Here, we site-specifically introduced paramagnetic probes on (a) EIN and
(b) EIIA proteins. The specific amino acid residues of EIIA and EIN proteins that interact with them will be “lit up”, manifested as an increase in the

PRE nuclear magnetic resonance (NMR) value detected (color online).
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Figure 3 Over-length crosslinks often indicate structural dynamic motion of protein molecular machines, i.e., the structural parts being crosslinked
undergo a transition from stable conformation to transient conformation [68]. As shown in the figure, the BS3 or BS2G crosslinker first reacts with one
structural domain of the protein, and whether the second crosslinking reaction can be realized depends on the opening and closing motion between the
two structural domains (color online).
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Figure 5 The structural dynamics of protein molecular machines on different time scales can be characterized and analyzed by integrating mass
spectrometry cross-linking, fluorescence, and nuclear magnetic resonance (NMR) spectroscopic techniques. Among them, different measurement
methods in NMR cover more than 10 orders of magnitude [63] (color online).
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Abstract: Proteins constitute the most important molecular machines within biological organisms. Understanding the
dynamic properties of protein molecular machines and revealing their working mechanisms are crucial for the regulation
of their functions. This article provides a comprehensive and systematic review of the research methods for the structural
dynamics of protein molecular machines. It delves into the characteristics and applications of different methods from
perspectives such as spatial resolution, time-scale, in vitro versus in vivo. Additionally, the review highlights the
advantages and limitations of individual methods as well as strategies for an integrated approach. It also looks forward to
the future development on the structural dynamics of protein molecular machines and provides authoritative viewpoints.
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