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Abstract

We report on using the synthetic aminoadamantane-CH2-aryl derivatives 1–6 as sensitive probes 

for blocking M2 S31N and M2 WT channels as well as virus replication in cell culture. The 

binding kinetics for M2 S31N channel are very dependent on the length between the adamantane 

moiety and the first ring of the aryl head group realized in 2 and 3, and the girth and length of the 

adamantane adduct realized in 4 and 5. Study of 1–6 show that, according to MD simulations and 

MM-PBSA calculations, all bind in the M2 S31N channel with the adamantyl group positioned 
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between V27 and G34 and the aryl group projecting out of the channel with the phenyl (or 

isoxazole in 6) embedded in the V27 cluster. In this outward binding configuration, an elongation 

of the ligand by only one methylene in rimantadine 2, or using diamantane as well as triamantane 

insetad of adamantane in 4 and 5, respectively, causes an incomplete entry and facilitates exit, 

abolishing effective block compared to the amantadine derivatives 1 and 6. In the active M2 S31N 

blockers 1 and 6, the phenyl and isoxazolyl head groups achieve a deeper binding position, 

corresponding to high kon / low koff and high kon / high koff measured rate constants, compared to 

inactive 2–5, which have much lower kon and higher koff. Compounds 1–5 each block the M2 WT 

channel by binding in the longer area from V27 - H37, in the inward orientation, with high kon and 

low koff rate constants. Infection of cell cultures by influenza virus containing M2 WT or M2 

S31N is inhibited by 1–5 and 1–4, and 6 respectively. While 1 and 6 block infection through the 

M2 block mechanism in the S31N variant, 2–4 may block M2 S31N virus replication in cell 

culture through the lysosomotropic effect, just as chloroquine is thought to inhibit SARS-CoV-2 

infection.

Graphical Abstract
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Amantadine variants (aminoadamantanes) can block proton current mediated by the 

influenza A homotetrameric M2 WT channel,1–4 abrogating the low pH mediated release of 

viral ribonuclear proteins from the virus capsid at endosome expulsion.5 These anti-viral 

effects result from binding to a high affinity site in the channel lumen, with the adamantyl 

group at the level of pore-lining residues 30 and 31.6,7 Outside that site, four V27 residues 
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form a hydrophobic ring lining the narrow channel entry.6–8 Deeper inside the channel, four 

H37 residues form the proton selectivity filter. In M2 WT, amantadine binds at this site with 

the amine projecting inwards towards the H37 cluster, and the adamantyl group contacting 

the hydrophobic gate of V27 to seal the channel to water-mediated proton flow. 

Additionally, amantadine variants, especially those with hydrophobic adducts, can act as 

lysosomotropic drugs,9 which accumulate in intracellular vesicles through membrane 

permeation by the electroneutral form and increase intravesicular pH, causing endosome 

and/or trans-Golgi network neutralization and inhibition of viral reproduction.10 

Noteworthy, SARS-CoV-2 is inhibited by chloroquine, probably because it acts as a 

lysosomotropic drug.11

Resistance of influenza A virus (IAV) to the proton channel drugs amantadine and 

rimantadine is associated with mutations in the M2 transmembrane domain (M2TM). The 

vast majority of resistant viruses (95%) bear the S31N substitution in M2.12 The M2 S31N 

mutant, which is currently the main epidemic strain, is a naturally occurring amantadine- 

and rimantadine-resistant mutation that otherwise maintains channel function nearly 

identical to the M2 WT, refering to the strain A/Udorn/72 commonly used in 

electrophysiology (EP) studies.

DeGrado and Wang discovered potent compounds acting against M2 S31N in both EP and 

antiviral assays.13–17 These compounds are second generation amantadine-based drug 

molecules, which include aryl or heteroaryl rings (as war heads) linked with amantadine 

through a methylene bridge. Extensive structure-activity relationships (SAR) investigations 

on activity and/or binding kinetics were performed through modifications of the adamantyl 

group and the aryl head group.13–17 Scheme 1 shows the dual channel-type inhibitor 1 with a 

2-hydroxy-4-methoxy-phenyl group,14 one of the simpler aryl head groups in structure, 

which blocks both M2 WT and M2 S31N channels, and 6 with a 3-(2-thiophenyl)-isoxazolyl 

group, which only blocks the M2 S31N channel.13 DeGrado and Hong showed that for 

complexes of M2TM S31N with 6 or analogues in DPC micelles (using solution NMR 

combined with MD simulations),13,15 and in DMPC lipid bilayers (using solid state NMR),
18 the adamantane moiety of the drug is bound in the pore between N31 and G34 while the 

aryl tail projects through the Val27 side chains. This outward orientation in the M2 S31N 

channel is opposite from the inward orientation of amantadine in the M2 WT channel.7,8 

DeGrado and Wang also discovered, using solution NMR in micelles and MD simulations, 

that a dual channel-type inhibitor, similar to compound 1 but consisting of a 2-bromo-

thiophenyl group connected with amantadine through a methylene, is oriented with the aryl 

head group outward in the M2TM S31N and inward in the M2TM WT pore.15 The second 

generation amantadine-based drugs can block M2 S31N with association/dissociation rate 

constants (koff/kon) that are slow off/fast on or slow off/slow on leading to favorable Kd = 

koff/kon values and antiviral potency.16,17

The kinetics of a ligand binding to its protein target are seen as increasingly important for in 
vivo efficacy in drug discovery19 and are critical for amantadine - aryl head conjugates.16,17 

A targeted optimization of binding kinetics is difficult to achieve and requires systematic 

studies, also needed for M2 channels, to increase the understanding about molecular 

interactions involved.17 Here, we used the comparable but distinctive ligands 1–6 (Scheme 
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1) that expand on the structural motifs in 114 and 6,13 as a set of useful chemical probes for 

exploring the molecular features affecting the energetics, orientational trajectory, kinetics of 

blocking of M2 WT and S31N channels, as well as alternative mechanisms of inhibition 

such as potential lysosomotropic behavior.

Synthetic Chemistry.

In the designed chemical probes, the linker between the adamantane and amino group, is 

CMe2 (isopropyl) in 2 or phenyl in 3. The impact of using a larger non-polar component, 

was explored with diamantanyl in 4 and triamantanyl in 5. Compared to 1, amantadine 7 is 

replaced with 2-(1-adamantyl)-propan-2-amine 8 in 2, 4-(1-adamantyl)-1-benzenamine 9 in 

3, 4-aminodiadamantane 10 in 4, and 9-aminotriadamantane 11 in 5, respectively.

The reaction of 7–11 with 2-hydroxy-4-methoxy-benzaldehyde using NaCNBH3 in 

methanol for 15 min, afforded the corresponding imines 11–15. The reduction gave the 

amines 1–5 upon treatment of the imine first with p-toluenesulfonic acid (PTSA) and then 

with NaBH4 in methanol (Scheme 1) (for the synthetic procedures, see the Supporting 

Information).

In vitro testing.

We applied the cytopathic effect (CPE) inhibition assay20 to compare the antiviral activity of 

1–6 against the A/WSN/33 virus (with naturally occurring M2 N31) and the A/WSN/33 M2 

N31S virus, which was generated by reverse genetics from A/WSN/33.21

Compounds 1–4 have low micromolar or submicromolar potency, similar to amantadine or 

rimantadine,22 inhibiting the amantadine-sensitive A/WSN/33 M2 N31S (M2 WT) 

replication at concentations 0.09 – 1.13 μM (WT, Table 1), while 5 has a mediocre antiviral 

activity (8.10 μM). As expected, the oseltamivir control demonstrates that the genetically 

engineered M2 mutant virus remains vulnerable to the potent neuraminidase inhibitor. 

Against amantadine-resistant A/WSN/33 (with M2 N31), only 6 has sub-micromolar 

potency, but 1–4 show mediocre activity. Compound 3 is as effective as the dual-inhibitor 1, 

and therefore also classifiable as a dual channel-type.14 The moderate potency of 1 and high 

potency of 6 against the amantadine-resistant virus M2 S31N found here is consistent with 

previous results by Wang and DeGrado.13–17

TEVC experiments.

Using two-electrode voltage clamp (TEVC), we calculated %-block at 10 min of 100 μM 

drug perfusion (Tables 2 and 3) to obtain more reliable results, as we recently suggested,
17,23,24 compared to the 2-min perfusion usually used.13–17 We found that molecules 1–5 
strongly block the M2 WT channel-mediated proton current (Tables 2 and S1) whereas 6 has 

almost no potency, and that 1 and 6 produce high 10-min %-block of M2 S31N. In constrast, 

2 being over 30-fold more potent in blocking M2 WT current than 1, and moderately 

effective in vitro against the M2 S31N bearing influenza virus strain A/WSN/33, it is 

strikingly impotent against M2 S31N in the EP assay of molecular function, indicating that 

the simple isopropyl linker eliminates potency in this M2 S31N environment (Table 3). Also, 
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3–5, which inhibit A/WSN/33 replication in cell culture at dosages similar to 1, do not 

effectively block proton currents through M2 S31N expressed in oocytes (Table 3).

To quantitate the kinetics of the block and unblock processes using EP in oocytes, we 

evaluated the association and dissociation rate constants from the exponential block and 

unblock rates associated with the equilibrium relaxation, and then calculated Kd from the 

koff/kon ratio.16,17 These rate constants allow one to examine the ease of exit and entry. For 

one set of seven compounds that block M2 S31N efficiently, it was previously observed that 

six of the compounds have kon values range from 29 to 227 M−1s−1 and koff values range 

from 0.3–1.5 × 103 s−1,17 i.e., these compounds have fast on/slow off or slow on/slow off,
16,17 with the kinetics of binding being very dependent on the adamantane scaffold but also 

on the aryl head group.17 In the 7th compound of that series, the aryl head was changed from 

an azole-like heterocycle to a phenyl-SiR3 group which cannot form hydrogen bonding 

interactions with the mouth of the channel, and kon increased to 691 M−1s−1 and the koff to 

10.3 × 10−3 s−1.17

Compound 1 and its four variants 2–5, show significant blocking of inward current in the 

M2 WT channel (Table 2), with high percent blocking, low percent washout, high 

association rate kon, and low dissociation rate koff. The kon values of 1–5 for M2 WT are in 

the range 84–381 M−1s−1 and the koff values are in the range 0.56–5.10 × 10−3 s−1 and thus, 

1–5 are fast on / slow off, with 2–5 having higher kon than 1 by >4. Evidently, the elongation 

of the distance between the aryl head group and the adamantyl moiety in 2 and 3 or the 14-

carbon diamantane and the 18-carbon triamantane facilitate both entry and dwell time and fit 

into the M2TM WT pore and block the M2 WT channel, with 5 being probably the bulkiest 

M2 WT channel blocker found yet (Table 2). The converged MD simulations (Figure S3) of 

the complexes in DMPC bilayers show that compounds 1–6 bind in M2 WT in the region 

spanning from V27 to H37, with the ammonium hydrogen bonding with waters and G34 

carbonyls and the adamantane moiety in contact with V27 side chains (Figures 1A, 1C, S1A, 

S2). Calculated free energies of binding based on MD simulations and the MM-PBSA 

method (Table S5), as well as simple rigid-body docking (Table S4), show that 1–6 bind to 

M2 WT with the inward orientation, i.e., with a more negative binding free energy for the 

inward orientation (see ΔGeff values from MM-PBSA method in Table S5) compared to the 

outwardly projecting orientation. (For energy decompositions, see Tables S6–S9).

In the M2 S31N channel (Table 3), the percent inward current blockage by compounds 2–5 
is significantly reduced (compared to WT, Table 2), and also very dependent on the linker 

between adamantane and the aryl head group, with compound 2 showing no measurable 

block. The reduction in %-block for compounds 3–5 is due to a 5- to 10-fold reduction in 

kon, and 10- to 30-fold increase in koff (slow on / fast off). Therefore, with low association 

rates and high dissociation rates, the dissociation constant Kd calculated from the fitted rate 

constants is above 100 μM for compounds 3–5, a low binding affinity. The kon of 1 for M2 

S31N is 124 M−1s−1 and koff is 2.6 × 10−3 s−1. Thus, 1 is fast on / slow off while 6 is very 

fast on / fast off.

As a contrasting case, we tested 6, a known blocker of M2 S31N.3 As found previously,3 6 
shows significant blocking of the S31N channel, with almost complete blocking of inward 
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current and low percent washout. The percent-washout and the slow koff are similar to those 

of compounds 3 and 4 (Figures S6–S8), but the kon is very high and complete (99.2%) 

blocking is attained, such that 6 has high potency in blocking M2 S31N, as well as in 

blocking cell infection for the M2 S31N virus.13 Indeed, perhaps the most intriguing result 

in this SAR on binding kinetics is the remarkably high kon (2280 M−1s−1) for 6 in the S31N, 

ca. 10- to 100-fold higher, than others tested to date,13–17 which have “high” kon values such 

as ca. 230 M−1s−1 17 (Table 3). Although kon is still 6–7 orders of magnitude lower than 

expected for unhindered diffusion-limited binding,26,27 the association rate constant is much 

higher than that observed for 1 in S31N, or for 2–5 in WT (Table 2). The entry rate of 6 into 

M2 WT is even faster (Table 2, footnote h), but the exit rate from M2 WT is dramatically 

faster still, resulting in non-efficient block. Note that for 6, an inhibitor of M2 S31N but not 

M2 WT, the aryl head group consists of the polar isoxazole ring linked with a hydrophobic 

thiophenyl ring, while in 1, which blocks both M2 isoforms,14,15 it consists of the apolar 4-

methoxy group attached to a 2-hydroxyl-phenyl ring.

The converged MD simulation trajectories of the M2 S31N complexes in DMPC bilayers 

(Figure S4), show that the ligands bind as a whole, more outwardly in the channel, compared 

to the M2 WT pore, in the region between V27 and G34 with the aryl adduct facing outward 

and projecting through the V27 cluster (Figures 1B and 1D, S1B) (see PDB ID 2LY013). 

The adamantane moiety is positioned deeper in the channel from N31 side chains, between 

G34 and A30 (Figures 1B, 1D), while the ammonium group and the polar part of the aryl 

head (2-hydroxyl group connected with 4-methoxy-phenyl in 1–5 or oxazole in 6) form 

hydrogen bonds with N31 side chains and waters (Figures 1B, 1D, S1B, S5 and details in the 

Supporting Information), which may guide association, consistent with the lower calculated 

desolvation penalty compared to the M2 WT complexes (Tables S6–S9). The V27 side chain 

cluster is tightly packed around the 4-methoxy in 1, 4, and 5, but around the 2-hydroxy-4-

methoxy-phenyl in 2 and 3, and between oxazole and thiophenyl rings in 6. In this outward 

binding configuration, an elongation of the ligand by only one isopropyl in rimantadine 2, by 

a phenyl group in 3, and the expanded diamondoid substructures instead of adamantyl in 4 
and 5, respectively, seems to cause an incomplete entry, according to the kinetics observed 

with TEVC (Tables 2, 3) which showed, as previously described, slow entrance (reduced kon 

constants) and fast escape rates (increased koff) for 2–5 in S31N (Table 3) or 6 in M2 WT, 

compared to 1–5 in WT (Table 2) and 1 or 6 with M2 S31N (Table 3).

EC50 values for the A/WSN/33 (M2 N31) and A/WSN/33 M2 N31S constructs represented 

in Table 1 can be compared and contrasted with Kd values in the last columns of Tables 2 

and 3, respectively. Compounds 2–4 have moderately high anti-viral efficacies (8 – 21 μM) 

against A/WSN/33 in MDCK cell culture (Table 1) in the face of inefficient M2 S31N block, 

it is clear that 2–4 can also block influenza virus by another mechanism. Additionally the 

previously reported IC50 for 6 in TEVC with M2 S31N is 16 μM,13 similar to the Kd found 

here, 7.5 μM. At the same time, these authors found a much lower EC50 using the plaque 

reduction assay for the antiviral activity of 6 against A/WSN/33, ca 0.1 μM, similar to that 

found here in the cytopathic effect assay, 0.153 μM (Table 1). Compounds 1–5 have Kds 

from EP ranging between 1 and 10 μM, more similar to amantadine, which blocks M2 WT 

with an apparent Ki of 0.3 μM,2 and EC50s 0.09 – 1.13 μM. The difference of magnitude 
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between the anti-viral potency and the channel inhibition constant, which is more significant 

for M2 S31N virus growth inhibition is not understood, but may suggest additional 

mechanisms of anti-viral activity, plausibly a lysosomotropic effect, as observed previously 

by Scholtissek,10 Busath and Kolocouris,28 and Naesens and Vazquez29 for amantadine 

variants with lipophilic adducts inhibiting virus at concentrations higher than c.a. 20 μM.
10,30 Thus, these compounds can always buffer late-stage endosomes to prevent acid-induced 

fusion of the virus envelope with the endosome membrane.31 Such lysosomotropic agents 

are effective against many types of viruses in vitro, including the coronavirus SARS-

CoV-2.11

In conclusion, here we describe the effect of ligand’s structure on binding kinetics for M2 

WT and S31N channels using the synthetic aminoadamantane-CH2-aryl derivatives 1–6 as 

chemical probes. Noteworthy, only the binding kinetics for M2 S31N channel are very 

dependent on the length between the adamantane moiety and the first ring of the aryl head 

group realized in 2 and 3, and the girth and length of the adamantane adduct realized in 4 
and 5.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Abbreviations.

CPE Cytopathic effect

COM center of mass

DMPC dimirystoyl-sn-glycero-3-phosphocholine

EP electophysiology

IAV influenza A virus

MD molecular dynamics

PME particle mesh Ewald method

PDB protein data bank

RESPA reversible multiple time scale molecular dynamics

RMSD root-mean-square deviation

SMD steered-MD
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PTSA p-toluenesulfonic acid

M2TM transmembrane domain of the M2 protein

WT wild type
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Figure 1. 
Snapshots of ligand-protein complexes in hydrated DMPC after 80 ns MD simulation using 

the amber14sb force field (1 atm, 310 K). Compound 2 bound to (A) M2TM WT (PDB ID 

2KQT) with a preferred inward orientation, or (B) M2TM (PDB ID 2KQT) S31N with a 

preferred outward orientation. Compound 6 bound to M2TM WT (PDB ID 2KQT) with a 

preferred inward orientation (C) or M2TM (PDB ID 2KQT) S31N with a preferred outward 

orientation. (D) See Table S5 for orientation preference energies.
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Scheme 1. 
Structures of compounds 1–6 used as chemical probes to investigate binding to M2 WT and 

M2 S31N channels. The upper part shows the reductive amination procedure applied for the 

synthesis of aminoadamantane derivatives 1–5 through imines 12–16, starting from the 

corresponding amines 7–11.
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Table 1.

In vitro cytotoxicity (CC50, μM) and efficacy (EC50, μM) of compounds 1–6 tested against initial cell infection 

(CPE inhibition assay) in MDCK cells

CC50 ± SD [μM] EC50 ± SD [μM]

Compound MDCK cells A/WSN/33 M2 N31S A/WSN/33 (M2 N31)

1 49.86 ± 12.28 1.13 ± 0.03 8.74 ± 4.6

2 >100 0.09 ± 0.005 20.93 ± 9.05

3 >100 0.66 ± 0.21 8.04 ± 2.43

4 >100 0.29 ± 0.11 22.01 ± 14.67

5 27.13 ± 9.43 8.10 ± 2.72 not active

6 not tested not active 0.153 μM

Amantadine
a not tested 0.25 ± 0.07 not active

Oseltamivir
a not tested 0.03 ± 0.02 0.01 ± 0.01

a
control compounds
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Table 2.

Block of full-length A/Udorn/72 M2 WT current by compounds 1–6.

Compound Conc. Sample Size Percent Block 

(%)
a

Blockage Eliminated 

in Wash Out(%)
b kon (M−1s−1)

c,f
103 × koff (s−1)

d,f
Kd(μM)

e

1 100 μM N = 3 64 ± 1 48 ± 1 84.0 ± 9.9 5.1±0.32 60.5 ± 10.4

2 100 μM N = 3 77 ± 2 0.5 ± 0.1 332.6 ± 1.7 0.56±0.03 1.7 ± 0.6

3 100 μM N = 3 80 ± 2 1.3 ± 0.2 381.7 ± 1.4 1.7± 0.2 4.5 ± 0.7

4 100 μM N = 3 81 ± 2 2.1 ± 0.8 378.2 ± 1.1 2.1 ± 0.7 5.6 ± 0.3

5 100 μM N = 3 81 ± 2 3.1 ± 0.6 377.3 ± 2.1 3.8 ± 0.5 10.1 ± 1.2

6 100 μM N = 3 11 ± 1
g

ND
h ND ND >100

a
Mean ± SEM calculated at 10 min of drug perfusion

b
Mean ± SEM calculated at 5 min of washout; percent of original current that returned during washout

c
Mean ± SEM of exponential fit rate constants obtained from the first two minutes of drug perfusionThis equilibrium relaxation rate constant 

divided by the compound concentration in the bath is actually an upper limit on the compound’s association rate constant (see methods section)

d
Mean ± SEM of exponential fit rate constants obtained from the first three minutes of washout

e
Calculated from the ratio, koff/kon

f
Blockage after 10 min of drug perfusion, blockage eliminated after 5 min of washout, kon is the relaxation rate constant from fit of the 3-min 

compound perfusion trace, koff is the relaxation rate constant from fit of the 5-min compound washout trace

g
Taken from ref. 3 as the mean ± SEM calculated at 2 min of drug perfusion

h
Not determined. The small amount of block of M2 WT by 6 observed was so fast that it was limited by perfusion rate, judging by the rate of 

ungating upon return to alkaline solution, and the extent of block at 100 μM (11%) suggests a Kd ~ 900 μM and thus a koff > 1 s−1.
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Table 3.

Block of full-length A/Udorn/72 M2 S31N current by compounds 1–6.

Compound Conc. Sample Size Percent Block
a Blockage Eliminated in Wash 

Out(%)
b kon (M−1s−1)

c
103 × koff (s−1)

d
Kd (μM)

e

1 100 μM N = 3 59 ± 1
f 34 ± 1 124 ± 9 2.6 ± 0.2 21.3 ± 2.8

2 100 μM N = 3 No Block No Block No Block No Block > 100

3 100 μM N = 3 30 ± 2 4.8 ± 0.5 <64 18 ± 2.2 > 100

4 100 μM N = 3 25 ± 2 7.2 ± 0.8 <43 56 ± 1.4 > 100

5 100 μM N = 3 17 ± 1 1.4 ± 1.1 <29 97 ± 3.6 > 100

6 100 μM N = 3 99 ± 1 6.8 ± 1.2 2280 ± 150 17 ± 2 7.5 ± 0.3
g

a
Mean ± SEM calculated at 10 min of drug perfusion (unmeasurable in 2)

b
Mean ± SEM calculated at 5 min of washout; percent of original current that returned during washout

c
Mean ± SEM of exponential fit rate constants obtained from the first two minutes of drug perfusion. This “equilibrium relaxation rate constant 

divided by the compound concentration in the bath” is actually an upper limit on the compound’s association rate constant (see methods section). 
Because the measured koff is relatively high for 3–5, these cases, where the correction for koff would substantially reduce the estimate of kon, are 

denoted with <

d
Mean ± SEM of exponential fit rate constants obtained from the first three minutes of washout

e
Calculated from the ratio, koff/kon

f
Blockage after 10 min of drug perfusion, blockage eliminated after 5 min of washout, kon is the relaxation rate constant from fit of the 3-min 

compound perfusion trace, koff is the relaxation rate constant from fit of the 5-min compound washout trace

g
16 μM found in ref. 3
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