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6XSSOHPHQWDO�)LJXUH�6���&RPSDULVRQ�RI�WKH�7��GRPDLQ�VWUXFWXUH�LQ�.Y���D�ZLWK�7��GRPDLQV�RI�UHSUHVHQWDWLYH�PHPEHUV�IURP�WKH�.Y��DQG�.Y��VXEIDPLOLHV��$��6XSHUSRVLWLRQ�RI�WKH�7��GRPDLQ�IURP�WKH�.Y���D�VWUXFWXUH��LQ�SUHVHQFH�RI�=Q��GDUN�EOXH���ZLWK�WKH��7��GRPDLQ�IURP�WKH�.Y����ћ����VWUXFWXUH��JUHHQ��SGE���(-,���KLJKOLJKWLQJ�D�FODVK�RI�WKH�.Y����њ��KHOL[�ZLWK�KHOL[�K��RI�WKH�ћ�VXEXQLW��%��6XSHUSRVLWLRQ�RI�WKH�7��GRPDLQ�RI�.Y���D��GDUN�EOXH��ZLWK�WKH�7��GRPDLQV�RI��.Y���������\HOORZ��SGE���(%.��DQG�.Y�����JUHHQ��SGE���(-���VKRZLQJ�KRZ�6�7�H[WHQVLRQV�LQ�.Y����ZRXOG�FODVK�ZLWK�DQ�њ��KHOLFDO�DUUDQJHPHQW�VLPLODU�WR�.Y���D���&��6XSHUSRVLWLRQ�RI�WKH�7��GRPDLQV�RI�.Y���D��JUH\��ZLWK�WKH�7��GRPDLQ�RI��.Y���������JUHHQ��SGE���(%.��DQG�WKH�VWUXFWXUHV�RI�WKH�LVRODWHG�7��GRPDLQV�IURP�.Y�����RUDQJH��SGE���11���DQG�.Y�����\HOORZ��SGE���6�*���'��FORVH�XS�YLHZ�RI�WKH�њ��KHOL[�RI�.Y�����GDUN�EOXH��VXSHUSRVHG�ZLWK�7��VWUXFWXUHV�RI�.Y�����\HOORZ��SGE���11���DQG�.Y�����JUH\��SGE���6�*��
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Supplementary Results & Discussion 

Kv3.1a/Zn structure does not support evidence for secondary Zn-binding sites 

Gu et al. report that zinc reversibly binds to Kv3.1 at several sites other than T1 domain's zinc finger and this 

has various effects on ion channel activity, depending on where the sites are located [1]. Additionally, our 

structures suggest another pocket resembling zinc finger motif formed by H60, H66 and D81. Therefore, we 

collected datasets of Kv3.1 in the presence of 400 μM ZnCl2 or 1 mM EDTA to resolve any extra zinc-binding 

sites which may exist in Kv3.1a. However, no conformational change of Kv3.1a was observed between the 

two maps and no inorganic ion was seen in the ZnCl2 sample in the four suspected sites (H60/D81, C208/H212, 

H381/H383 and H459). The first hypothesis to explain this is that zinc ions do not bind to Kv3.1 other than 

the zinc finger motif in the near-open state. There is also the possibility that zinc ions do not bind tightly to the 

suspected sites. 

While we did not find evidence for additional zinc-binding sites with our structural biology efforts, we 

serendipitously discovered a potential cause of higher-order dimerisation seen with some tetrameric ion 

channels (Suppl. Figure S3 B). Ion channels with T1 domain often show dimerisation at the distal end of T1 

domain, for example a plant hyperpolarisation-activated K+ channel KAT1 [2]. On visual examination of 

electron micrographs, we found that Kv3.1a shows increased dimerisation in the presence of ZnCl2 but does 

not form a dimer with 1 mM EDTA. Reconstruction of the dimer showed that this oligomer was stabilised by 

R51 and D53 of one subunit interacting with D53 and R51 with the other subunit, respectively (Supplementary 

Figure S14). It is beyond the scope of this study to investigate the mechanism of such oligomerisation and its 

physiological significance; however our observation provides basis for further exploration of such feature. 

Small molecules occupy the aqueous cavity below Kv3.1 selectivity filter 

We observe non-peptide density in the aqueous cavity on the cytoplasmic side of selectivity filter of Kv3.1a. 

Although the shape of the density is probably distorted due to its location on the four-fold symmetry axis, the 

generally tubular shape of this density parallel to the symmetry axis appears to be a genuine feature of this 

small molecule. This density fits well with the shape and size of polyamines such as spermidine coordinating 

with water, as well as short-chain phospholipids and free fatty acids. Similar densities are also present in the 

cytoplasmic cavities of Kv1.2/2.1 chimera [5], NavAb [6], TRAAK [7], and KirBac3.1 [8] channels, all of 

them in the open state, suggesting that the presence of small molecules at this site is a common feature for ion 

channels.  

Some features of this aqueous cavity suggests this molecule being a polyamine. First, the surface of this cavity 

is strongly negatively charged (Suppl. Figure S10 A), an ideal environment for occupation by positively 

charged molecules. Although there is no report of Kv3.1 (or any Shaker superfamily channel) being modulated 

by polyamines, they are known open-pore blockers of inward-rectifying potassium channels (such as 

KirBac3.1) by occupying analogous site [8]. Interestingly, all known small molecule pore-blockers of Kv3.1 

such as tetraethylammonium (TEA), 4-aminopyridine (4-AP), 3,4-diaminopyridine (3,4-DAP), and 
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dimethylguanidine (DMG) feature amine group and are thought to occupy this aqueous cavity. These provide 

circumstantial evidence for this molecule being an amine derivative. 

There is also the possibility of this molecule being a phospholipid or free fatty acid. While there is little 

structural evidence of this unlike the polyamine hypothesis, functional data exist for the modulation of Shaker 

superfamily channels by free fatty acids. For example, arachidonic acid is known to inhibit Kv4.2 and Kv1.4 

[9]. It is also a rationally most sensible explanation as the aqueous cavity is still located within the 

transmembrane domain and phospholipids have been observed partially occupying this cavity in Nav1.4, albeit 

with a significantly different binding mode [10].  It is also possible that a detergent is trapped in the open pore, 

similar to the configuration observed in the Nav1.4 structure from electric eel [11]. In contrast to the Nav1.4 

structure where the pseudo 4-fold symmetry is broken due to the complex formation with the β1-subunit and 

the shape of the density matches well with a digitonin molecule, the 4-fold symmetrical appearance of the 

densities below the selectivity filter in our Kv3.1a structure could be an EM processing artefact. Because of 

its location on the 4-fold axis of symmetry, the density from the bound molecule is possibly distorted and may 

not faithfully resemble the shape of a detergent/lipid/free fatty acid, even if the data is processed in C1. 

We performed metabolomics mass spectrometry in an effort to determine the identity of this molecule (data 

not shown), however the result was inconclusive. We did not detect presence of polyamines or other unique 

small molecules, however this might have been due to the molecules still being trapped in the protein as it 

collapsed in the denaturation process. We detected a number of fatty acids, most notably eicosanoic acid, 

however they might have been products of the fragmentation of annular phospholipids. Therefore, we could 

not ascertain the identity of this molecule and therefore excluded it from structural model despite its potential 

importance in ion channel function. 
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