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Abstract 

Nanopore-based sensors for nucleic acid sequencing and single-molecule detection typically 

employ pore-forming membrane proteins with hydrophobic external surfaces, suitable for insertion 

into a lipid bilayer.  In contrast, hydrophilic pore-containing molecules such as DNA origami, have 

been shown to require chemical modification to favor insertion into a lipid environment. In this 

work, we describe a strategy for inserting polar proteins with an inner pore into lipid membranes, 

focusing here on a circular 12-subunit assembly of the thermophage G20c portal protein. X-ray 

crystallography, electron microscopy, molecular dynamics and thermal/chaotrope denaturation 

experiments all find the G20c portal protein to have a highly stable structure, favorable for 

nanopore sensing applications. Porphyrin conjugation to a cysteine mutant in the protein facilitates 
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the protein’s insertion into lipid bilayers, allowing us to probe ion transport through the pore. 

Finally, we probed the portal interior size and shape using a series of cyclodextrins of varying sizes, 

revealing asymmetric transport that possibly originates from the portal’s DNA-ratchet function.  

 

Key words: Portal protein, single molecule, protein nanopore, electrical detection, lipid bilayer, 

porphyrin, electroosmosis. 

 

In recent years, pore-forming biological macromolecules have found various uses as tools for 

direct DNA sequencing,1-5 molecular sensing,6-13 molecular sizing,14-16 monitoring enzymatic 

reactions,17-21 and protein characterization,22-33 including detection of post-translational 

modifications.34,35 In a typical experiment, a voltage bias is applied between two electrolyte 

compartments insulated by a membrane that contains a single nanopore. The bias generates a steady-

state ionic current that reports on ion flow through the pore. Macromolecules that partition into the 

pore constriction transiently block the ion current; the current blockage indirectly reports on the 

physical and chemical properties of the macromolecules.36 To date, most nanopore sensing studies 

employed pore forming toxins and outer membrane proteins that contained a β-barrel. These 

proteins insert into planar lipid bilayer membranes, which makes them perfect candidates for sensing 

applications. However, while other, non β-barrel types of protein assemblies may offer superior 

analyte recognition properties, using them for nanopore sensing experiments is tempered by the need 

of stable insertion into lipid bilayers. 
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One class of non-inserting ring-like proteins are viral portal proteins, circular structures 

through which the viral genome is pumped into a preformed protein shell, or capsid, during the 

packaging process.37 These natural DNA pores seated in the portal vertex of the icosahedral 

capsid38-42 (Figure 1) are usually assembled from 12 identical subunits, arrayed in a toroid-like 

structure with a central pore. Translocation of viral DNA through the pore is driven by a powerful 

motor that continues to function despite an enormous capsid pressure that builds up during the 

packaging process.43 Motor-driven DNA packaging is thought to be assisted by an asymmetric 

internal pore shape that acts as a dynamic unidirectional valve to retain packaged DNA in the phage 

head.38,44-46 The encapsulated DNA is maintained under pressure within the mature particle until 

host cell infection, during which conformational changes in the particle lead to its ejection through 

the portal vertex into the target cell.37  To date, the main ring-shaped portal assembly studied using 

single-channel ion current measurements is the heavily mutated portal protein (also called 

“connector”) from bacteriophage phi29,47,48 in which the loops that make up the pore constriction 

are either flexible and/or exhibit conformational variability.40 Recent work49,50 has also explored the 

use of the portal assembly from bacteriophage SPP1 which can insert spontaneously into lipid 

bilayers, to form a pore with a well-defined internal structure.38 However, this protein exhibits 

oligomeric state variations where 12-, 13- or 14-subunit oligomers creating a mixture of nanopores 

with different internal dimensions. 

In this work, we characterize the transport through the portal protein from a thermophilic 

bacteriophage G20c that infects the bacteria Thermus thermophiles.51 The X-ray structure of this 

protein (PDB code 4zjn) revealed a symmetrical arrangement of 12 subunits in a ring-like assembly. 
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All residues lining the internal channel of this protein have clear electron density, defining the 

central pore that is only 1.8 nm in diameter at its narrowest portion (Figure 2). Thus, compared to 

previously characterized portal proteins, this protein is better suited for structure-based 

reprogramming of its inner tunnel properties through introduction of point mutations. To investigate 

the transport properties of the portal pore, we developed a facile molecular anchor route towards 

inserting the portal into a lipid bilayer, allowing ion current measurements. Complementary 

molecular dynamic (MD) simulations characterized the structure of the interface between the protein 

and a lipid bilayer, elucidating the amount of leakage current that flows through the interface. To 

demonstrate control over the portal’s properties, we altered the diameter of its narrowest section 

through point mutations in the tunnel loop and characterized the mutant proteins by X-ray 

crystallography, MD simulations, and ionic current recordings. Finally, we probed the inner 

diameter of the altered portal proteins using several cyclodextrin variants that differed by their 

physical dimensions, revealing the preferred direction of driven molecular transport through the 

portal corroborated by the all-atom MD method.  
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Figure 1:  Route to studying transport through the G20c portal protein.  The bacteriophage DNA translocation 

motor is formed when the large terminase (magenta) is assembled onto the portal protein (dark blue) vertex of 

the viral capsid (example shown for T4 phage EMD 1572). The motor translocates viral genomic DNA (graphical 

representation not to scale, light blue) into the capsid.  The thermostable portal assembly from bacteriophage 

G20c (PDB code 4zjn; dark blue) is shown schematically with inserted DNA (grey, not to scale). Protein 

engineering through a point mutation (mutated protein shown in light blue with introduced cysteine residues in 

orange) allows attachment of a maleimide-porphyrin lipid anchor (orange) to facilitate insertion into a lipid 

membrane and single-channel measurements. Internal point mutations (not shown) afford pore size/shape 

control. 

 
 

Results and discussion 

The G20c portal protein assembles into a stable cylindrical dodecamer 

The 1.98 Å resolution X-ray structure of the G20c portal protein (PDB code 4zjn, Figure 2a, 

b) reveals a symmetrical circular assembly of 12 monomers52 that is shaped like a champagne cork 

with a central hole running through it (Figure 2b). Akin to portal proteins from other viruses, the 

narrowest portion of the internal tunnel is defined by the tunnel loop. Twelve such loops, one from 

each subunit, pack neatly next to each other forming a tight and well defined 1.8 nm aperture of the 

tunnel (Figure 2b, d). Tight packing of monomers, stabilized by 36 hydrogen bonds and 8 salt 

bridges per monomer-monomer interface, leaves no side voids that would connect the central 
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channel with the outer solvent (Figure 2b). Analysis of the electrostatic potentials of the solvent 

accessible surfaces of the portal assembly, including the tunnel, reveals a charged protein nanopore 

(Figure 2b, e). The external surface is essentially bipolar, with a negatively charged top, or ‘cap’, 

consisting of the crown and wing subdomains (Supporting information Figure S1), and a positively 

charged stem (stem and clip subdomains). The surface of the internal pore is negatively charged 

along its length, except for the top ~3 nm region that is somewhat positively charged (Figure 2b). 

In order to study the properties of the portal, we have made several specific mutations in the 

protein sequence. First, to increase the pore diameter we replaced two bulky amino acids in the 

narrowest constriction of the internal tunnel loops with glycines (V325G/I328G double mutant: 

GG). Initial low-resolution X-ray data on the GG mutant confirmed that this protein also forms 12-

mer assemblies (Supporting Information Figure S1) and a complementary high-resolution X-ray 

structure of the related single V325G mutant protein showed that this substitution did not affect the 

oligomeric state and conformation of the assembly, with a backbone alpha-carbon (Cα) root mean 

square deviation (RMSD) of 0.38 Å between the wild type and mutant proteins. Although the tunnel 

loops (residues 312-328) are stabilized by extensive van der Waals (vdW) interactions, the 1.90 Å 

resolution structure of the V325G portal variant showed that the substitution did not affect their 

overall position (Cα RMSD = 0.1 Å) and resulted in the predicted increase in tunnel diameter at 

residue 325, from 1.8 nm to 2.3 nm (vdW 1.5 to 1.9 nm; Supporting Information Figure S1). These 

data suggest that the double glycine substitution in the tunnel loops would result in a similar 

additional increase in pore diameter at the I238 position. 
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Given the polarity of the external surface, engineering a protein that is amenable to lipid 

bilayer insertion is a challenging task. Here, we explored the feasibility of a chemical biology 

approach based on cysteine-maleimide conjugation, since the wild-type portal protein is cysteine-

free. We therefore introduced a cysteine mutation at the underside of the wing subdomain near the 

cap-stem junction (L49C; Figure 1 and Supporting Information Figure S1d). The resulting 

dodecamer contains 12 such cysteine residues displayed in a ring around the top of the stem (Figure 

1 and Supporting Information Figure S1e). 

Electron microscopy images showed that the engineered portal proteins (single mutant, 

L49C and triple mutant L49C/V325G/I328G, hereafter referred to as 49C and CGG respectively) 

maintained the dodecameric assembly (Figure 2c, f, j). Thermal and chaotrope tolerance of the 

unmodified protein and the engineered derivatives were explored under guanidinium hydrochloride 

and thermal denaturing conditions. We found that the mutations did not reduce the chemical 

stability, with all variants remaining folded, as determined by tryptophan fluorescence 

spectroscopy, until the addition of >3 M denaturant (Figure 2h). Likewise, all variants exhibited 

similar thermal stability with no significant change in melting temperature (~79-80°C; Figure 2i).  
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Figure 2: Structure of G20c portal proteins and stability. (a) Side view of a cartoon depiction of the G20c portal 

protein (PDB 4znj). (b) Slice through the middle of G20c diagram showing the electrostatic potentials inside the 

tunnel from -1 (red) to +1 kT/e (blue) represented by the scale bar (e) and on the outside of the pore. (d) Top 

view of a cartoon depiction of the G20c portal protein. (c) Transmission electron microscopy of negatively 

stained wt, (f) single mutant 49C (j) and triple mutant CGG portal proteins. (g) 12% SDS-PAGE of purified 

recombinant 49C and CGG portal proteins. (h) wt (red), 49C (blue) and GG (double mutant, green) unfolding 

equilibrium transition assessed by measuring the change in tryptophan fluorescence emission ratio of 335/350 

nm (excitation wavelength: 280 nm) as a function of GdnHCl concentration in 1M NaCl, 20mM Tris pH 7.5. (i) 

Melting temperatures of wt (red), 49C (blue) and CGG (green) portal proteins deduced by Thermofluor assay in 

1M NaCl, 20mM Tris pH 7.5. 

 

Modification of portal protein for insertion into lipid bilayers using a maleimide-porphyrin 

conjugate 

Porphyrin-functionalized DNA oligomers have been previously used to facilitate insertion of 

DNA-based nanopores into lipid bilayer membranes.53-59  Porphyrin conjugation to peptides and 

polypeptides is also commonly used in medicine for targeted photodynamic therapy.60-62 In this 

work, we conjugated a maleimide-porphyrin derivative through sulfhydryl chemistry to the 
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engineered cysteine residues of the 49C and CGG mutant proteins (Supporting Information Figure 

S1e). 

We performed analytical gel filtration to compare the porphyrin-coupled protein with the 

unlabeled protein, the two distinguished by absorbance peaks at 280 and 410 nm for tryptophan and 

porphyrin, respectively. The data revealed a significant population of dodecamers with an average 

of one porphyrin moiety covalently attached (Figure 3a and b). However, this population is likely to 

be a heterogenous mixture of differentially-labeled portal assemblies, including unlabeled 

dodecamers and those conjugated with one or more porphyrin moieties. Both variants of porphyrin-

portal (49C and CGG) exhibited similar hydrodynamic characteristics to their unlabeled 

counterparts, although a small increase in the proportion of double-dodecamers are observed in the 

porphyrin-labeled samples. Notably, large aggregates of porphyrin that contains a low level of 

protein were observed to elute in the void volume of the column. Analysis of the UV-vis spectra of 

the fractions comprising the main dodecameric peak of the porphyrin-modified protein revealed a 

small peak at ~410 nm, characteristic of porphyrin in water,63 and a larger peak at 280 nm, 

indicative of aromatic amino acid residues (Figure 3c). Negative-stained TEM imaging of both 

labeled proteins revealed characteristic ring-shaped proteins (Figure 3d and e) are formed, 

indicating that assembly was not mitigated by either the addition of the porphyrin tag or the internal 

CGG mutations. 
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Figure 3: Modification of portal protein with maleimide-porphyrin conjugate for incorporation into lipid 

bilayers. Analytical size exclusion chromatography of 49C (a) and CGG (b) mutant portal proteins before (1,2 

dashed lines) and after (3,4 solid lines) conjugation with maleimide-porphyrin followed at 280 (1,3 black) and 

410 nm (2,4 red). (c) UV-vis absorbance spectra of the main peak fractions for 49C (green) and CGG (blue) 

mutants after maleimide-porphyrin conjugation and analytical gel filtration chromatography. (d) Negative-stain 

transmission electron micrographs of the 49C (d) and CGG (e) mutant proteins after maleimide-pophyrin 

conjugation. 

 

Electrical properties of the portal protein inserted into a lipid bilayer 

We used single-channel electrical recording to characterize the ion-transport properties of 

the portal protein embedded into a lipid bilayer (Figure 4a). In these experiments, portal protein that 

was pre-conjugated to maleimide-porphyrin was added to the cis chamber, and the current across 

the membrane was monitored as a small voltage was applied across it (~100 mV). Insertion of a 

portal protein into the lipid bilayer resulted in discrete stepwise increases of the ionic current 

(Figure 4b). The unitary current in 1 M NaCl, 20 mM Tris pH 7.5, was 96.4 ± 3.7 pA and 107.4 ± 

4.5 pA each for 49C and CGG portal proteins at an applied voltage of +100mV. The corresponding 
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conductance for the 49C and CGG portals was 0.96 ± 0.03 nS and 1.07 ± 0.04 nS, respectively. 

Control experiments with wild-type portal protein did not result in self-insertion into the lipid 

bilayer, even after several hours (Supporting information S2), indicating that insertion of the labeled 

proteins must be driven by maleimide-porphyrin tags. Figure 4c shows a ~1 minute current trace for 

a single 49C assembly, during which the entire portal dodecamer exits from the lipid bilayer. 

Notwithstanding, the labeled portals remained stably inserted into the lipid bilayer for long periods 

of time, from a few minutes to hours (Supporting information S3). We propose that the positioning 

of the cysteine mutation under the wing subdomain of the portal, in proximity to the top of its stem, 

leads to directional insertion of the porphyrin-labeled portal protein, without a need for other 

insertion methods that include Nickel-NTA (nitrilotriacetic acid) beads or lipid vesicle formation.47-

50 In order to accurately measure the conductance of a single portal protein, we recorded current-

voltage (IV) curves for both 49C and CGG portals (Figure 4d). The IV curves indicate slight 

rectification of the current at positive biases, which could be expected given the asymmetric 

distribution of the electrical charges along the portal surface and the differences in the pore 

geometry (2.5 / 5 nm diameter of the cis/trans entrance). The average conductance of a single 49C 

and CGG portal is 0.95 ± 0.02 nS and 1.14 ± 0.11 nS, respectively, representing a 17% increase for 

the CGG mutant, as compared to 49C portal variant. This increase in conductance suggests that 

mutation of the amino acid side chain does indeed increase the aperture of the internal constriction. 
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Figure 4: Electrical properties of the bacteriophage G20c portal inserted into a lipid bilayer. (a) Schematic of the 

ion-current measurement setup. One G20c portal protein is inserted into a suspended lipid bilayer via 

maleimide-porphyrin tags (red). An electrical potential is applied via two Ag/AgCl electrodes, which induces a 

current of Na+ and Cl- ions through the nanopore (1M NaCl, 20mM Tris pH 7.5). (b) A typical current trace and 

the current histogram showing insertion of individual CGG portal channels into a lipid membrane. Data were 

collected at +100mV. The average current value is 107.4 ± 4.5 pA for a single pore insertion, 222.8 ± 6.5 pA for 

two pores and 325.7 ± 8.1 pA for three pores. (c) A typical current trace recorded through a single 49C portal at 

+/-100 mV, showing pore expunction from the lipid membrane at ~57 sec. The average current value is -98.0 ± 

3.2 pA at -100mV and 96.4 ± 3.7 pA at +100mV. (d) Current-voltage (IV) curves of 49C (red) and CGG (blue) 

portals fitted to average data from eight independent recordings. The error bars represent a standard deviation 

from the mean curve. 
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One drawback that plagues DNA origami-based nanopores is leakage of ion current through 

the backbone of the DNA structure.55,64 Since our protein is not designed to be a lipid-embedded 

channel, we probed the microscopic structure of the interface between the lipid bilayer and the 

protein and independently assessed the protein’s ionic conductance using MD simulations. All-atom 

models of the G20c portal protein embedded in a DOPC lipid bilayer (Figure 5a, top) were 

constructed using the crystal structure of the protein (see Methods). When simulated in 1 M NaCl 

bulk electrolyte and, subsequently, in the lipid-bilayer environment, the protein structure remained 

stable, with RMSD values saturating at 1.7 A, Figure 5b. Figure 5c illustrates the evolution of the 

lipid-protein interface observed during the 150 ns equilibration. Starting from a typical bilayer 

configuration, the lipid head groups rearranged to form a toroidal pore near the stem, or trans, exit 

of the portal’s channel. However, no major rearrangement of lipid head groups was observed near 

the cap-stem junction. Visual inspection revealed the absence of water molecules at the protein-

lipid interface at the cap-stem junction (Figure 5a, bottom). In the case of DNA pores embedded in 

lipid membranes by means of porphyrin or cholesterol anchors,55,59 water-filled toroidal pores were 

found to carry a significant fraction of the transmembrane ionic current. In contrast, the structure of 

the lipid bilayer around the G20c portal appears not to feature a continuous water path from one 

side of the membrane to the other along the outer surface of the protein. 
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Figure 5: Molecular dynamics simulation of G20c portal ionic conductance. (a) Simulation system consisting of 

the protein channel, shown as a cut-away molecular surface, embedded in a lipid bilayer membrane (cyan) via 

porphyrin moieties (orange). A white semitransparent surface shows the extent of the solvent (1 M NaCl), green 

and purple spheres represent the chloride and sodium ions, respectively. The system contains 792,391 atoms. A 

bottom panel shows a zoomed-in view of the equilibrated lipid-protein interface, where water molecules are 

shown explicitly as red (oxygen) and white (hydrogen) spheres. (b) The root-mean-square deviation (RMSD) of 

the protein Cα atoms from their crystallographic coordinates during the equilibration simulations. The black 

and red lines correspond to simulations carried out in bulk electrolyte and lipid bilayer environments. The data 

were sampled every 4.8 ps. (c) A set of cross-sections illustrating development of the lipid-protein interface 

during the equilibration simulation.  Blue and green color maps specify local density of the protein’s alpha-

carbon and lipids’ phosphorus atoms, respectively. Each cross-section represents a time average of 4.8 ps 

sampled coordinate frames. (d) The total charge transported through the channel by various ionic species versus 

simulation time. The slope of each line gives the average ionic current. The simulations were performed under a 

transmembrane bias of ±100 mV. Solid and dashed lines illustrate the simulated currents for 49C and CGG 

portal channels. The plots were obtained by integration of the ionic current versus simulation time; the ionic 

current data were sampled every 4.8 ps and averaged in 2.4 ns blocks prior to integration. (e) The simulated 

conductance of 49C and CGG channels. The conductance values were scaled by the ratio of the experimentally 

measured (7.43 S/m) and simulated (11.56 S/m) bulk conductivity of 1 M NaCl. Error bars represent standard 

errors. (f) Ionic selectivity of 49C and CGG variants of the channel defined by the ratio of chloride to sodium 

currents. (g) Steady-state local densities of lipids (all non-hydrogen atoms, green color scale), protein (all non-

hydrogen atoms, blue color scale), and ionic current (streamlines, purple-red-yellow color scale). The arrows 

indicate the direction of the local ionic current flux, and the color indicates the flux’ magnitude. The maps were 
computed from a 30 ns long MD trajectory at a +100 mV bias sampled with a frequency of 48 ps, radially 

averaged about the z-axis to improve the resolution.  

 

To independently assess the channel’s conductance and determine the fraction of the current that 

passes through the central pore, the equilibrated structure was simulated under a transmembrane 

bias of ±100mV for 30 ns (see Methods for details). The plots of the resulting integrated currents 

(Figure 5d) indicate a steady flow of ions at both biases; the slope of each dependence gives the 
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average current. Dividing the current by the applied bias, we find the raw simulated conductance of 

2.3 ± 0.8 and 3.6 ± 0.9 nS for 49C and CGG pores (Supporting Information Figure S4). Scaled by 

the ratio of the simulated and experimentally measured bulk conductivity of 1 M NaCl, the 

simulated conductance values are within error of the experimental values (Figure 5e) although the 

simulations appear to somewhat overestimate the ionic conductance. We attribute the latter to lower 

than bulk concentration of ions within the nanopore volume (Supporting Information Figure S5) 

and the ion-concentration dependence of the simulate-to-measured bulk conductivity ratio.65 

 The current through both 49C and CGG portal channels is carried predominantly by 

chloride ions (Figure 5f), with the ion selectivity being milder for the CGG pore. The plot of local 

ion currents (Figure 5g) indeed shows very small currents at the interface of the protein and the 

lipid bilayer. By integrating the local currents within and outside the central pore of the protein, we 

find the current through the lipid-protein interface to contribute at most 3% of the total 

transmembrane current. 

 

Probing CGG portal protein size and interactions with ,  and -cyclodextrins 

To experimentally probe the size of the narrowest constriction of the CGG portal protein, we 

performed electrical recordings of the ion current through the portal in the presence of cyclodextrins 

(CD), neutral cyclic glucose oligosaccharides. The three variants of CD, -CD, -CD, or -CD, 

have outer diameters of 1.37, 1.53 and 1.69 nm, respectively,66 which are comparable with the 

tunnel constriction dimensions (~2.3 nm,  based on crystallography). Addition of 0.16 mM ,  and 

-CD to both chambers produced reversible partial blockades of the ionic current at +100 mV 
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(figure 6a, c, e; note that further experiments where CD was added to one chamber are described 

below). Analysis of the traces yielded the scatter plots of the dwell times versus the current 

blockades, which are shown on the right of each respective trace (Figure 6b, d, f).  While the 

distribution encompassed both short and long events, longer dwell times are characteristic of 

translocation associated interaction and subsequent analysis was focused on these events (see 

Supporting Information S6 for details on event frequency). 

 
Figure 6: Interaction of ,  and -CDs with the CGG portal protein. (a) Current vs. time trace recorded 

through a single CGG portal pore at +100 mV, in the presence of 0.16 mM -CD in both chambers. (b) Scatter 

plot of fraction blockade versus time for -CD at +100 mV. (c, d) Same as in panel a and b, respectively, but in 

the presence of -CD. The calculated standard deviation for the noise is 8.3 pA (see Methods) (e, f) Same as in 

panel a and b, respectively, but in the presence of -CD. Arrows represent the population of longer-lived events 

in each respective experiment. (g) Steered MD simulation of CD transport through the CGG portal. The protein 

channel (grey) is shown as a cutaway molecular surface, the -CD is in orange, chloride and potassium ions are 

in green and purple, respectively, water molecules not shown for clarity. CD molecules were pulled along the 

axis of the channel using the constant velocity SMD protocol67 (See Methods). (h) The blockade current through 

the portal channel for different placements of the CD variants. The currents were computed using a theoretical 

model based on the position dependence of the electrolyte conductivity68 (See Methods for details). 

 
The nature of interactions of the CDs with the portal can be described using simple on-off 

binding rate equations, as previously described by Bayley and co-workers.69 The dissociation (koff) 
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and association (kon) rates of a CD:portal complex can provide the dissociation constant (Kd), using 

the equations, koff = 1/τt and kon = 1/(cτi), where c represents the concentration of CD, τt is the 

average dwell-time, and τi is the mean inter-event time, as previously described.70 Prior to applying 

these equations, we verified that 1) increasing the concentration -CD resulted in a linear increase 

in event frequency (Supporting Information Figure S7a), and 2) event dwell times are independent 

of the -CD concentration (Supporting Information Figure S7c). This analysis yields dissociation 

constants at +100 mV of Kd = 15.85 ± 2.87 M and 56.36 ± 9.80 M for -CD and -CD, 

respectively. Therefore, we can conclude that the interactions between the CGG pore between -

CD and -CD are weak reversible bimolecular interactions. 

Next, to provide a microscopic interpretation of the CD translocation experiments, we used 

a harmonic spring potential to move α-, β- and γ-CD through the central pore of the CGG portal 

with a constant velocity, Figure 6g, see Methods for simulation details. As expected, the forced 

translocation of larger molecules required more work done by the spring force (Supporting 

Information Figure S8). Using the ensemble of conformation observed during the force 

translocation simulations and a theoretical model of blockade current,68 we evaluated the fractional 

current blockade produced by different CD variants as a function of their position within the 

nanopore, Figure 6h. Interestingly, the fractional current blockade produced by different CD 

variants does not show a considerable dependence on the CD type, indicating that variation in the 

fractional blockade observed in experiment is produced by differential placement of CDs within the 

G20c pore. Using the fractional blockade map of the CGG portal, Figure 6h, we can assign long-

duration blockade events seen in Figures 6b and 6d to -CD and -CD residence, respectively, at 
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the constriction of the portal (fractional blockade ~0.6). The two shallower fractional blockades 

produced by γ-CD (at 0.25 and 0.4, Figure 6f) can be assigned to γ-CD interaction with the 

narrowest sections of the stem (z=-30Å) and cap (z=40Å) parts of the portal, respectively. Finally, 

using the experimental values of the fractional blockade currents for -CD and -CD, we obtain 

estimated pore diameters of 1.98 ± 0.01 nm and 1.86 ± 0.02 nm, respectively (see Supporting 

Information S9), values that are significantly smaller than the value predicted from the crystal 

structure (~2.3 nm), as previously seen for -hemolysin.71  We note however, that these 

observations are consistent with the internal pore diameter (~1.9 nm) determined considering the 

van der Waals radii of the portal Cα atoms at 325G. 

To gain insight into the capture mechanism of the neutral CD molecules into our portal 

channel, we have performed measurements that probe electro-osmotic flow (EOF),69,72-76 by 

analyzing the long-lived blockade events for β-CD and the CGG pore. First, we investigated the 

direction of the EOF in the CGG portal protein by adding -CDs only to the cis compartment and 

measuring current traces at both positive and negative bias (Figure 7). While at +100 mV we only 

observed a few characteristic current blockades (Figure 7a), a drastic increase in the event rate at -

100 mV was observed (Figure 7b). This observation can be attributed to EOF through the pore 

governed by K+ flow, in good agreement with the negative internal charges within the pore and 

extensive negative isocontours of the cap (Figure 2b and Supporting Information S10). 
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Figure 7: Electroosmotically-driven -CD transport through the CGG portal. (a) Current vs. time trace of a 

single CGG pore at +100 mV in presence of 0.16 mM -CD in cis compartment only, and scheme showing the 

direction of the electro-osmotic flux from trans to cis compartment. (b) Current vs. time trace of a single CGG 

pore at -100 mV, in presence of 0.16 mM -CD in cis compartment only and scheme showing the direction of the 

electro-omotic flux from cis to trans compartment. Experiments were conducted in 1M KCl, 20mM Tris pH 7.5. 

The calculated standard deviation of the noise in these experiments is 8.3 pA (See Methods). 

 

We further characterized the dynamics of -CD transport for both sides of the pore (cis side 

entrance for negative bias and trans side entrance for positive bias). Interestingly, we find that the 

mean fractional current blockade values are voltage dependent for negative bias, whereas they 

remain constant for all positive bias values (Figure 8a-g). We determined the interaction dwell 

times (Figure 8h) by probing the characteristic timescale of the longer events in the distribution, as 

a function of the applied voltage. We observe that events are faster in the positive voltage direction 

(trans to cis), and slower in the negative direction (cis to trans), and further, transport is slower as 

the bias magnitude is increased in the cis to trans direction, with reduced fractional blockade 

values. To rationalize this asymmetric transport mechanism, we analyzed the structure of the 
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internal loops that define the narrowest constriction of the pore, which serves an apparent dynamic 

function as unidirectional valve (molecular ratchet) that retains packaged DNA in the phage 

head.38,44-46 Structural data on SPP1 portal suggested that the tunnel loops could be displaced along 

the tunnel axis along the trajectory of DNA translocation.38 The loop movements towards the capsid 

would slightly open the tunnel (increase its diameter) facilitating DNA translocation, while their 

movement in the opposite direction would narrow the channel. Thus, the tunnel loops may act as a 

molecular diaphragm that closes around DNA to prevent its leakage.  

Interestingly, the plot of the SMD force applied during the forced permeation of -CD 

through the CGG portal, Figure 8i, gives further support to the asymmetric transport hypothesis. 

Thus, the peak force required to move -CD through the portal in the stem-to-cap direction is about 

30% less than in the reverse direction, in qualitative agreement with the interpretation of the 

measurement. Note that the high absolute values of the SMD force is caused by the high speed of 

the -CD transport realized in the SMD simulations.67 Using a ratchet analogy to describe the portal 

channel, transit of -CD from trans to cis (positive voltage) is facilitated by the molecular 

diaphragm, whereas transit in the opposite direction (negative voltage) is not. One interpretation of 

the longer dwell times with increasing negative voltage values is that a -CD interacts with the 

portal more favorably as voltage is increased, or that the tunnel loops have restricted motion in this 

direction (towards the stem), consistent with structural observations.38   
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Figure 8: Asymmetric interactions of -CD with the CGG portal protein (a-f) Scatter plots of fraction blockade 

versus dwell time (bias values indicated in legends) (g) Mean fraction blockade of the long-lived events (>200 µs) 

as a function of the applied voltage. The error bars represent error over one recording (h) Characteristic dwell 

times of the long-lived events as function of the applied voltage in presence of 0.16 mM -CD in both chambers, 

cis side entrance for negative bias and trans side entrance for positive bias. The error bars represent error over 

one recording. (i) Force applied to -CD during constant velocity SMD simulation of -CD transport through the 

CGG portal in the cap-to-stem and stem-to-cap directions. The force plots were obtained by differentiating the 

work plots show in Supporting Information Figure S8. The z-coordinate is defined graphically in Figure 6g. 

 

Conclusion 

We have demonstrated here that chemically labeling a cysteine residue of an engineered G20c 

portal protein with a maleimide-porphyrin molecule facilitates its directional insertion into a planar 

lipid bilayer. Using electrical measurements, corroborated with MD simulations, we find that, 

unlike DNA origami pores embedded in lipid bilayers,55,59 the portal-lipid interface is not leaky, and 

>95% of ions are transported through the central portal channel. Engineering the inner channel of 

the portal by replacing residues with glycines results in pores with a larger constriction, as indicated 
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by current-voltage measurements, MD simulations and X-ray crystallography. The electroosmotic 

transport measurements using -CD molecules point to a negatively-charged inner pore consistent 

with the portal’s structure (Supporting Information S10). However, electroosmotically-assisted -

CD transport through the portal revealed slower transport in the cis to trans direction than the trans 

to cis direction, suggesting asymmetry in the inner portal channel architecture and/or biased motion 

of one or more structural features that form the pore surface. This asymmetry points to a possible 

mechanism for allowing DNA to be packaged into the capsid while preventing its uncontrolled 

escape, as previously suggested in other work.38,44-46 In summary, our simple approach for single-

channel probing of the portal structure required minimal protein engineering, and provided valuable 

insight into the dynamic function of the internal pore, which complements X-ray crystallographic 

observations. This simple method could be used to engineer other non-membrane inserting ring-

shaped proteins, such as the trp attenuation protein (TRAP),77 for potential use as nanosensors. 

Future work will focus on further reprogramming the structural and electrostatic properties of the 

G20c portal protein for molecular sensing of charged species such as DNA and other biopolymers.  

 

Methods 

Cloning, expression and purification of G20c portal proteins 

The DNA encoding for G20c portal protein (residues 25-438) was amplified by PCR using Phusion 

high fidelity DNA polymerase (New England Biolabs), and cloned into the YSBL-Lic+ expression 

plasmid78 encoding an N-terminal 3C protease cleavable hexahistidine tag using the HiFi DNA 

assembly master mix (New England Biolabs).  All mutant variations of the wild-type (WT) protein 
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were produced using a variation of the linear exponential PCR and ligase dependent production of 

closed circular plasmid DNA using Phusion DNA polymerase (New England Biolabs).  Briefly, 

primer sets were designed to introduce the mutation(s) and amplify the entire plasmid (see 

Supporting Information S11) by PCR, after which the DNA product was purified using a PCR 

cleanup kit (Thermofisher).  Phosphorylation and ligation of the amplified DNA ends and Dpn I 

digest of the template plasmid was achieved in a 3 hour reaction at 37° C, containing 1X Cutsmart 

buffer (New England Biolabs), 1mM ATP, 10 mM DTT and 1 unit each of Dpn I, T4 

polynucleotide kinase, T4 ligase (New England Biolabs). Ligated closed circular plasmid DNA was 

transformed into competent DH5α cells.  Mutants were screened by colony PCR and confirmed by 

DNA sequencing in both directions. 

Wild type and mutant proteins G20c WT (WT) and G20c V325G_I328G (GG)) were expressed and 

purified from E. coli BL21 DE3 pLys S cells.  Proteins containing cysteine mutants, G20c-L49C 

(49C) and G20c-L49C_V325G_I328G (CGG) were expressed and purified from the SHuffle (New 

England Biolabs) expression strain.  

Protein expression and purification was conducted as described52 in LB (Melford) containing 35 

μg/ml kanamycin and 50 μg/ml chloramphenicol. Briefly, 10 mL of an overnight culture was 

inoculated into 1L of LB (containing antibiotics) and incubated at 37°C until the OD600 reached 0.8, 

followed by induction overnight at 16° C with 0.5 M IPTG when the cells were harvested by 

centrifugation at 4000 rpm for 30min and the pellets snap frozen in liquid nitrogen and stored at -80 

°C until use. Proteins (49C and CGG) expressed in Shuffle cells were incubated at 30 °C before and 

after induction.  Cell pellets were thawed and resuspended in 5 mL/g of lysis buffer (50 mM Tris 
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pH 8, 1 M NaCl, 10 mM imidazole, 100 mM AEBSF, 10 mg/mL lysozyme) and lysed by 

sonication on ice. The lysate was clarified by centrifugation at 15000 rpm for 30 min, filtered 

through a 0.22 μm membrane before loading on a HisTrap FF 5 mL (GE Healthcare Life Sciences).  

The His-tagged G20c protein was eluted using a gradient to 100% Buffer B (1M NaCl, 50 mM Tris 

pH 7.5, 500 mM imidazole) over 10 column volumes. Fractions of the purified protein were pooled, 

buffer exchanged into 50 mM Tris pH 8, 500 mM NaCl 50 mM potassium glutamate, and the 

histidine tag removed by 3C protease digestion at RT overnight. The cleaved protein was then 

further purified over a HisTrap FF 5 mL. Fractions containing cleaved G20c protein were pooled, 

concentrated and finally purified on a 16/600 Superose 6 (GE healthcare Life Sciences) gel 

filtration column in 20 mM Tris pH8, 1 M NaCl, 50 mM potassium glutamate, concentrated by 

ultrafiltration using a 100 kDa cutoff filter (Vivaspin) to ~4 mg/ml for biophysical experiments or ~ 

10 mg/ml for crystallographic studies, snap frozen on liquid nitrogen and stored at - 80°C.  Proteins 

containing the L49C mutation were purified in buffers containing 2 mM DTT. 

Crystallization and X-ray data collection 

The purified V325G mutant protein (in 1 M NaCl, 20 mM Tris pH 7.5) was concentrated to ~11 

mg/ml for crystallization by sitting drop vapor diffusion. The best crystals, which diffracted to 1.90 

Å, were obtained after 5 days in 0.1 M Imidazole·HCl pH 8.0 with 30% (w/v) MPD and 10% (w/v) 

PEG 4000, and belonged to the R3 space group with a = 223, c = 116 Å (hexagonal setting). Using 

a similar approach, the V325G I328G variant (in 0.5 M NaCl, 20 mM Tris pH 7.5, and concentrated 

to ~12 mg/ml) yielded the best crystals after 7 days with the reservoir solution containing 0.2 M 

NH4Cl and 40% (v/v) MPD. These belonged to the P212121 space group with a = 158, b = 192, c = 
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251.  X-ray diffraction data were collected using synchrotron radiation at 0.97883 Å wavelength 

and 100 K, at the I24 beamline of Diamond Light Source. The data were processed using DIALS.79 

The V325G and V325G/I328G portal protein crystals diffracted to 1.90 Å and 3.50 Å, respectively, 

and the self-rotation function of the V325G/I328G variant was calculated using MOLREP.80 

X-ray structure determination 

The crystal structure of the V325G mutant was determined using the CCP4 software suite.81 Phases 

were calculated using data previously collected for the selenomethionine derivative of the wild-type 

G20C portal protein. The selenomethionine crystal belongs to the P4212 space group with a = 156, 

c = 116 Å, and diffracted to ~2.4 Å. Heavy atom sites were found using SHELXC/SHELXD, 

phases were calculated using SHELX82 and a selenomethionine model was autobuilt using 

BUCCANEER.83 Data reduction for the V325G mutant protein using AIMLESS84 confirmed the 

R3 space group. The selenomethionine protein structure chain A coordinates were used as a search 

model for molecular replacement using PHASER,85 by searching for 4 subunits per asymmetric 

part. Given the presence of the 3-fold rotational symmetry in the R3 space group, this corresponds 

to the 12-fold symmetry of the portal protein. The final model was obtained from an iterative 

process of refinement using REFMAC586 and manual model building using COOT87 (refinement 

statistics listed in Supporting Information S12). The quality of this model was analysed using 

MOLProbity.88 Display images were prepared using Chimera89 and PyMol (Schrödinger LLC). 

Analysis of subunit-subunit interfaces and electrostatic surface potential 

Direct intersubunit hydrogen bonds and salt bridges were identified using the FindHbond function 

of Chimera.89 A 4.0 Å cut-off was applied for salt bridges,90 whereas hydrogen bonds were 
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identified by considering a maximum length of 3.3 Å between donors and acceptors, and by 

relaxing angles 8o away from the geometry criteria described by Mills and Dean.91 Surface 

electrostatic potentials (Supporting Information S10) were calculated (at 150 mM NaCl, pH 7.0) 

under the SWANSON force field ± 1 kT/e using APBS.92-94 

Electron Microscopy 

Grids for transmission electron microscopy were prepared by negative staining, using 2% uranyl 

acetate solution 0.1 mg/mL protein in 1M NaCl 20mM Tris pH 7.5.  Images were recorded at 120kx 

magnification, on a TEM JEOL JEM-1010 80kV instrument. 

Denaturant induced unfolding transition 

A Fluoromax-4 (Horiba Scientific) fluorimeter was used for all tryptophan fluorescence 

measurements. G20c contains 6 tryptophan residues. Samples were incubated 24 hours at 20°C 

using 0.5 μM of G20c in 1M NaCl, 20mM Tris pH 7.5 plus concentrations of Gdn-HCl varying 

from 0 to 6M. The data were collected at an excitation wavelength of 280 nm. The integration time 

was 1 s.  

Thermofluor assays 

Thermofluor assays were carried out in 96-well plates using a Mx3005P QPCR system by adding 

10 μl 0.25 mg/ml protein, 10 μl buffer (1M NaCl, 20mM Tris pH 7.5) and 5 μl 5x SYPRO Orange 

dye95-97 to each well. The melting temperature was determined by fitting the data with a 5-

parameter sigmoid using the Levenberg-Marquadt algorithm. 

Maleimide-Porphyrin synthesis 

The synthesis was based on previous work published by Liu et al.98 Protoporphyrin IX (100 mg, 
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0.17 mmol), 1-ethyl-3-(3-dimethyl-aminopropyl) carbodiimide hydrochloride (EDC, 32.6 mg, 0.17 

mmol) and N-hydroxysuccinimide (NHS, 20 mg, 0.17 mmol) were dissolved in 10 mL of dimethyl 

formamide (DMF) and stirred for 2 h at room temperature. N-(2-aminoethyl) maleimide 

trifluoroacetate in 2 mL DMF was added. The reaction mixture was allowed to stir overnight. The 

product was purified by silica chromatography to give a red solid. 

Maleimide-Porphyrin conjugation with portal protein 

The method used in this step is adapted from previous worked published by Milgrom et al.99 In 

summary, DTT was removed before maleimide-porphyrin conjugation reaction using ZebaTM Spin 

Desalting Columns (Thermo Scientific). Porphyrin-maleimide dissolved in DMSO was added to the 

purified portal protein in 20-fold molar excess. The vial was completely flushed with N2 gas and 

kept at RT overnight. Non-conjugated porphyrin-maleimide molecules were separated from 

conjugated portal protein using a Superdex 75 16/600 (GE healthcare Life Sciences) gel filtration 

column following absorbance at 280 and 410 nm. 

Analytical Size Exclusion Chromatography and UV-VIS Absorbance Spectroscopy 

Labeled proteins and their unlabelled counterparts were compared by analytical size exclusion 

chromatography on a Superose 6 10/300 column (GE healthcare Life Sciences), equilibrated with 

20 mM Tris pH 8, 1 M NaCl and 1 mM TCEP, using an AKTA PURE fast protein purification 

system (GE healthcare Life Sciences). 100 μl of each sample (13-130 μM) was loaded onto the 

column using 500 μl loops and eluted at a linear flow rate of 0.5 ml/min.  Eluted products were 

monitored for optical density at the wavelengths for the absorbance maxima for both protein (280 

nm) and porphyrin (410 nm).  The elution volumes for the observed peaks were compared to those 
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of known high molecular weight standards used to calibrate the column.  Absorbance profiles were 

normalized using the molar extinction coefficients of 620 560 M-1 cm-1 and 80 000 M-1 cm-1 for 

portal dodecamers and porphyrin in aqueous buffers63 respectively and plotted using proFit 

(Quantum Soft).  Fractions comprising the labeled dodecameric assemblies were pooled and the 

absorbance spectral profile measured over 200-800 nm in a 1cm quartz cuvette and Cary 100 UV-

Vis spectrophotometer (Agilent). 

Electrical detection and data acquisition 

Membrane lipid bilayers were made according to previously described methods.100 In brief, a film 

of a 1% solution of diphytanoyl-phosphatidylcholine-lecithin (Avanti) in decane was spread across 

a 150 μm diameter hole drilled in a polysulfone wall separating the two compartments of a 

chamber. Each compartment contained 1 mL of 1 M NaCl, 20 mM tris, pH 7.5 or 1M KCl, 20mM 

Tris pH 7.5. After thinning of the decane film and formation of a planar lipid bilayer, dodecameric 

recombinant G20c from a stock solution was added into the cis compartment. 

The ionic current through a single G20c portal protein was measured using an Axopatch 200B 

amplifier (Molecular Devices). Data were filtered at 10 kHz and acquired at 250 kHz using the 

DigiData 1200 digitizer with a custom National Instruments LabVIEW program. Data was 

processed and events were detected using MOSAIC101 as follows.  The values for the open pore 

current (Io) and the standard deviation of the noise (σ) was extracted (108 and 8.3 pA respectively 

for β-CD, Figure S13). The threshold (Th) applied in Mosaic to separate events from the noise is 

given by Th = Io - 3σ (Th=83 pA for β-CD, Figure S13).  An example of this data processing is 

provided for β-CD experiments in Supporting Information Figure S13. 
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Molecular Dynamics Simulations 

All simulations were performed using the molecular dynamics program NAMD2,102 periodic 

boundary conditions, and a 2fs timestep. The CHARMM36 force field103 was used to describe 

proteins, 1,2-dioleoyl-sn-glycero-3-phosphocholine (DOPC) lipids, CDs, TIP3P water and ions. 

Cgenff server103,104 was used to generate CHARMM-compatible parameters for porphyrin moieties. 

The CUFIX corrections were applied to improve description of charge-charge interactions.105,106 

RATTLE107 and SETTLE108 algorithms were applied to describe covalent bonds that involved 

hydrogen atoms. Particle-Mesh-Ewald (PME)109 algorithm was used to evaluate the long-range 

electrostatic interaction on a 1 Å-spaced grid; the full electrostatics calculation was performed every 

three timesteps. Van der Waals interactions were evaluated using a smooth 10-12 Å cutoff. 

 

An all-atom model of the G20c protein was constructed starting from its crystallographic structure, 

Protein Data Bank entry 4ZJN.  Residues missing in the crystallographic structure were added using 

the psfgen module of VMD.110 The structure was then aligned to be coaxial with the z-axis of our 

coordinate system. 1 M NaCl solution was added using the solvate and autoionize plugins of VMD, 

a small number of additional ions were added to make the final system of 838,565 atoms 

electrically neutral. Following assembly, the system was minimized in 9600 steps using the 

conjugate gradient method and then equilibrated for 50 ns at a constant number of atoms, pressure 

and temperature (NPT) ensemble. During the initial stage of equilibration, all non-hydrogen atoms 

of the protein were restrained to their initial coordinates using harmonic potentials; the spring 

constant of the potentials decreased from 1.0 to 0.1 to 0.01 kcal/(mol Å2) in ~4 ns steps. The system 
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was simulated in the absence of any restraints for 40 ns. The Nose-Hoover Langevin piston pressure 

control111,112 was used to maintain the pressure of the system at 1 atm by adjusting the system's 

dimension. Langevin thermostat113 was applied to all the heavy atoms of the system with a damping 

coefficient of 0.1 ps-1 to maintain the system temperature at 295 K. 

A model of the G20c protein embedded in a lipid membrane was constructed by combining the 

equilibrated structure of the protein with a 21 nm × 21 nm patch of a pre-equilibrated DOPC bilayer. 

Prior to protein insertion, twelve porphyrin moieties were added to the equilibrated structure via a 

harmonic bond (2.9 Å bond length and 1 kcal/(mol Å2) spring constant) between the sulfur atom of 

each Cys49 residue and a carbon atom of each porphyrin, mimicking the chemical bond realized in 

experiment. The porphyrins were initially positioned below the G20c cap, in the region where the 

DOPC patch would be placed; the plane of the porphyrins’ aromatic rings was normal to the plane 

of the bilayer. The lipid bilayer membrane was aligned with the x-y plane and shifted along the z-

axis to have the Cys49 residues of the protein were located within the same plane as the head 

groups of the nearest lipid leaflet. Lipid and water molecules that overlapped with the protein and 

the porphyrins were removed. 1 M NaCl solution was added above and below the membrane, 

producing an electrically neutral system containing 792,391 atoms. Following a 9600-step 

minimization, the system was equilibrated for ~150 ns in the NPT ensemble; fluctuation of the 

system’s dimensions within the plane of the bilayer were coupled by a constant factor. During the 

initial state of equilibration, all non-hydrogen atoms of the protein and the porphyrins were 

harmonically restrained to their initial coordinates; the strength of each harmonic restrain was 0.1 

kcal/(molÅ2) for the first 2.4 ns of equilibration and 0.01 kcal/(molÅ2) for the subsequent 8.4 ns. 
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The system was simulated without any restrained for another 140 ns. The final equilibrated 

conformation was used make the V325G/I328G mutant structure. The mutant structure was 

equilibrated for 2 ns in the constant ratio NPT ensemble. The simulations under a transmembrane 

bias were performed in a constant number of particle, volume and temperature (NVT) ensemble. 

For the NVT simulations, the system’s dimensions were set to the average dimensions observed 

within the last 24 ns of the NPT equilibration. To produce a transmembrane bias of ±100 mV, an 

external electric field was applied along the z-axis (normal to the membrane); the strength of the 

electric field was computed as E= -V*LZ, where LZ is the dimension of the simulated system in the 

direction of the applied electric field.65  

 

Prior to ionic current calculations, frames from the MD trajectory were aligned using protein 

coordinates to correct for the drift in the x-y plane and lipid bilayer coordinates to correct for the 

drift along the z-axis. The ionic current was calculated as: 
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where δzj(t) is the displacement of ion j along the z direction during the time interval δt = 4.8ps and 

qj is the charge of ion j. To minimize the effect of thermal noise, the current was calculated within 

an Lz = 30 Å thickness slab centered at the midplane of the lipid bilayer membrane (the slab 

spanned the entire simulation system in the x-y plane). The calculations of local densities and ion 

fluxed were performed on a 50×50×76 cubic grid using a previously described method.55,59,114 

 

Steered molecular dynamics (SMD)67 was used to probe translocation of α, β- and γ-CDs through 
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the G20c portal. The initial coordinates for the CD variants were taken from PDB structures 5E6Y, 

5E6Z and 2ZYK. Each CD molecule was combined with the equilibrated structure of the G20c 

protein; the structure did not contain porphyrin anchors nor did it contain the lipid bilayer. Each CD 

molecule was initially placed ~1.0 nm away from an entrance of the portal channel. 1M KCl 

solution was added, producing an electrically netural system of approximately 396800 atoms. The 

systems were minimized and equilibrated for 9.6 ns following the same protocols as the bulk 

equilibration of G20c; all non-hydrogen atoms of the protein were restrained to their initial 

coordinates using harmonic potentials with the 0.01 kcal/(molÅ2) spring constant. The SMD 

simulations were carried out in the NVT ensemble. The center of mass (CoM) of each CD molecule 

was tethered to a harmonic spring of 1.0 kcal/(mol Å2) spring constant. The other end of the spring 

was moved along the z-axis (the symmetry axis of the G20c pore) with the speed of 1 nm/ns; the 

CD’s CoM was also radially restrained (spring constant of 1.0 kcal/(mol Å2)) to remain at the axis 

of the pore. After 13 ns, the CDs passed through the channel and the SMD simulations were 

repeated in the reverse direction. In addition to SMD pulling of CDs through the G20c pore, they 

were also pulled through bulk 1 M KCl solution. The average force required to move α-, β- and γ-

CDs through bulk solution at 1 nm/ns was approximately 5pN.  

 

Ionic current blockade produced by the presence of the CD variants in the G20c pore was computed 

using a theoretical model described elsewhere.68 Briefly, for each microscopic configuration 

realized during the SMD simulations, we computed a 3D distance map at 1 Å resolution that 

specified, for each location within the G20c pore volume, the nearest distance to the protein or CD 
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surface. The distance map was used to compute local ionic conductivity within the G20c pore; the 

pore’s conductance was determined by applying the Ohm law. When applied to the open-pore 49C 

and CGG systems, the model yielded the raw (unscaled) conductance values of 2.7 and 3.5 nS, 

respectively, which is in excellent agreement with the results of brute-force all-atom simulations.  
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