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Chemical tuning reveals a cation-pi gating bridge between the voltage-sensor and pore domains in the Kv7.1 potassium channel
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Department of Molecular Physiology and Biophysics, University of Iowa, Iowa City, IA, USA
Introduction
Kv7.1 is a cardiac voltage-gated potassium channel that underlies the delayed rectifier current (IKS) in the heart. The slow response to membrane depolarization is a hallmark feature of this channel’s physiology, yet the mechanistic basis of how voltage promotes the open potassium conducting state is unknown. To this end, we examined how residues on the S4 voltage-sensor are potentially coupled to the pore domain to form meta-stable intermediate states that support Kv7 channel volte-dependent gating phenomena.  
Methods
We focused on previously identified aromatic residues which might couple the pore and voltage sensing domains by using a chemical tuning approach whereby aromatic residues are modified by serial fluorination. This system enable the high fidelity encoding of fluoro=Phe residues at F232, 
Results
The data shows that serial fluorination at one site (F232 on the S4 helix, within the voltage sensing domain) resulted in a stepwise voltage gating shift, where each added fluorine atom further biased channel opening. Mutant-cycle analysis of proximal positively charged amino acids indicate that F232 forms a cation-π interaction with K285, a residue at the tip of the S5 segment in the pore domain. Using cryo-electron microscopy, a partial structure of the F232 penta-F-Phe Kv7.1 (Q1-E1) open channel was resolved to 6Å. This study provides the first functional evidence of a cation-π interaction within a eukaryotic membrane protein. These interactions have long been proposed to be central to protein function but have eluded characterization due, in part, to limitations in previous methodologies for their study. The data suggests that the reversible breaking of this non-covalent bond supports channel opening in the Kv7.1 cardiac potassium channel. We also provide the first structural depiction of a recombinant human protein with an encoded unnatural amino acid.
Conclusions
The data supports a gating mechanism whereby the F232-K285 cation-pi interaction represents an intermediate activated state that is broken prior to channel opening.  This work also provides a framework for the use of site-specifically encoded fluorinated phenylalanine residues in structural biology of membrane proteins, as a tool to resolve structures in states that are more challenging to resolve with conventional mutagenesis. 
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