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A kinase bioscavenger provides antibiotic resistance  
by extremely tight substrate binding
Stanislav S. Terekhov1,2*, Yuliana A. Mokrushina1,2*, Anton S. Nazarov1*,  
Alexander Zlobin1,3*, Arthur Zalevsky1,3,4, Gleb Bourenkov5, Andrey Golovin1,3,4, 
Alexey Belogurov Jr.1, Ilya A. Osterman2,6, Alexandra A. Kulikova7, Vladimir A. Mitkevich7,  
Hua Jane Lou8, Benjamin E. Turk8, Matthias Wilmanns5, Ivan V. Smirnov1,2†,  
Sidney Altman9,10†, Alexander G. Gabibov1,2,11†

Microbial communities are self-controlled by repertoires of lethal agents, the antibiotics. In their turn, these anti-
biotics are regulated by bioscavengers that are selected in the course of evolution. Kinase-mediated phosphorylation 
represents one of the general strategies for the emergence of antibiotic resistance. A new subfamily of AmiN-like 
kinases, isolated from the Siberian bear microbiome, inactivates antibiotic amicoumacin by phosphorylation. The 
nanomolar substrate affinity defines AmiN as a phosphotransferase with a unique catalytic efficiency proximal to 
the diffusion limit. Crystallographic analysis and multiscale simulations revealed a catalytically perfect mechanism 
providing phosphorylation exclusively in the case of a closed active site that counteracts substrate promiscuity. 
AmiN kinase is a member of the previously unknown subfamily representing the first evidence of a specialized 
phosphotransferase bioscavenger.

INTRODUCTION
Eons of evolution have forced living organisms to create killing agents 
to sufficiently eliminate the competing species. It required the 
extremely effective mechanisms of self-resistance to develop simul-
taneously, as well. These naturally evolved mechanisms are ubiquitous 
in all kingdoms ranging from microbes to advanced multicellular 
organisms. Competing with natural processes, researchers have devised 
artificial catalytic bioscavengers tailored by directed enzyme evolution 
to protect against the particularly toxic synthetic nerve agents (1–3). 
One of the most important lessons learned from the rational design 
and combinatorial approaches is the necessity of either of the two 
factors. It is either an extremely efficient binding to the substrate or 
a diffusion-limited catalytic efficiency of a bioscavenger to eliminate 
even the trace concentrations of a free toxin (4). The biodiversity of 
microbial communities is maintained by an intricate network of inter-
actions between bacterial killers and the counteracting resistant 
bacteria competing with each other to colonize various ecological 
niches (5). Bacteria use the evolved antibiotic molecules to kill their 
competitors (6, 7). In turn, selection pressure drives the evolution of 
enzymes that inactivate antibiotics; thus, they may be considered as 
natural catalytic bioscavengers detoxifying the potent killing agents 
(8). In contrast to the artificially designed bioscavengers, a broader 
substrate specificity is usually a more beneficial vector of selection 

in natural microbial communities, which is well documented in 
aminoglycoside (9) and macrolide (10) antibiotic resistance enzymes.

RESULTS
AmiN provides tight substrate binding
We report a unique bioscavenging kinase AmiN of Bacillus pumilus 
isolated from the oral microbiota of the Siberian bear (Ursus arctos 
collaris) by ultrahigh-throughput microfluidic droplet platform (11). 
Deep functional profiling of naïve bear microbiome for antibiotic 
activity enabled single-cell screening of antibiotic producers and 
resistant bacteria (12). Unlike common antibiotic resistance kinases, 
the new AmiN has an outstanding catalytic efficiency kcat/KM = 
3.4 ± 0.7 × 108 M−1 s−1 that is close to the diffusion limit toward its 
natural substrate, amicoumacin (Ami) (Fig. 1). This extraordinary 
catalytic efficiency originates from the tight Ami binding, which is 
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Fig. 1. Reaction (top) and Michaelis-Menten kinetics (bottom) of Ami phos-
phorylation by AmiN. Reaction rates were determined in triplicate at saturating 
ATP•Mg2+ concentrations, [ATP•Mg2+] ≫ [Ami]. Kinetic constants for Ami are shown 
in the inset. Data represent means ± SD.

 on S
eptem

ber 3, 2020
http://advances.sciencem

ag.org/
D

ow
nloaded from

 

http://advances.sciencemag.org/


Terekhov et al., Sci. Adv. 2020; 6 : eaaz9861     24 June 2020

S C I E N C E  A D V A N C E S  |  R E S E A R C H  A R T I C L E

2 of 8

one of the strongest among the enzymes using low–molecular weight 
substrates (13). The reaction rate follows the Michaelis-Menten 
kinetics at submicromolar Ami concentrations close to MIC (mini-
mum inhibitory concentration) and displaying KM of 25 ± 5.2 nM 
for Ami. These findings were in line with the observed Kd = 80 ± 25 nM 
for Ami complexed with AmiN in the presence of nonhydrolyzable 
adenosine triphosphate (ATP) analog adenylyl-imidodiphosphate 
(AMP-PNP) (see table S1). We suggest that the exceptional specificity 
of AmiN toward Ami is mediated by the mechanism of its operation 
based on the Ami-driven closure of the active site and the existence 
of an additional substrate-binding loop forming unique -box struc-
ture. The latter has not been reported for other antibiotic kinases.

The biological function of AmiN is associated with Ami bio-
synthetic gene cluster containing a kinase-phosphatase cycle regu-
lating the Ami antibiotic production and self-resistance. AmiN has 
numerous homologs in Bacilli (AmiN-like kinases) emphasizing its 
significance for its ecology and survival in the wild (12). AmiN and 
its homologs (hAmiN and YerI from Ami nonproducing B. pumilus 
and Bacillus subtilis, respectively) confer recombinant antibiotic re-
sistance to Ami in bacteria, both Gram-positive and Gram-negative, 
as well as in mammalian cells (see table S2). The alternative natural 
targets of AmiN-like kinases could include antibiotics of Bacilli, like 
cognate antibiotic zwittermicin (14) and paenilamicin (15) having 
structural similarity.

A new kinase subfamily with unique structural features
AmiN-like kinases are clustered in a distinct subfamily (32 to 98% 
identity) with low amino acid sequence identity (9 to 24% identity) 
in comparison with other characterized enzymes (Fig. 2, A and B). 
Multiple sequence alignment uncovered a number of amino acid 
residues like E36, N37, K/R52, H/R58, Brenner’s motif (H200, D202, 
and N207), H204, metal chelation site (D219, D221, and D222), and 
R286 conserved in AmiN-like and related subfamilies (Fig. 2C). 
Amino acid residues K3, E41, R59, K111, E158-L/Q161, and F218 
represent the hallmarks of AmiN-like enzymes. The most prominent 
feature of AmiN-like enzymes is the additional substrate-binding 
loop N238-E248 (fig. S1). Refined crystal structures of AmiN (Fig. 3 
and fig. S2, A and B) and hAmiN kinases (see table S3 and fig. S2, 
C and D) revealed that enzymes with the highest sequence identity 

and structural similarity are small-molecule kinases (fig. S3), specifically 
aminopropanol kinase [Protein Data Bank (PDB) ID: 6ef6; identity: 
24%; root mean square deviation (RMSD): 3.2 Å], Ser/Thr protein 
kinase SrkA with an unidentified natural target (PDB ID: 1zyl; identity: 
22%; RMSD: 3.0 Å), hexosamine kinase (PDB ID: 4ocu; identity: 14%; 
RMSD: 3.8 Å), and kinase with an unknown target (PDB ID: 2ppq; 
identity: 17%; RMSD: 3.6 Å).

The substrate specificities of AmiN and hAmiN show that AmiN 
is a bona fide Ami kinase with ~100-fold reduced activity toward 
Ami-like molecules, linear amino sugar N-methylglucamine, and 
C-terminal amidated peptide NS, while hAmiN is much more pro-
miscuous (fig. S4). Other antibiotic kinases mediating the resistance 
toward aminoglycosides (PDB ID: 6fuc; identity: 12%; RMSD: 
3.1 Å) and macrolides (PDB ID: 5igh; identity: 13%; RMSD: 4.0 Å) 
represent low sequence identity and structural similarity. AmiN 
kinase does not provide the resistance to aminoglycoside, macrolide, 
and tetracycline antibiotics (see table S4). AmiN shares a common 
protein kinase domain fold (Fig. 3); moreover, structurally similar 
protein kinase SrkA with an unidentified natural target phosphorylates 
myelin basic protein (MBP) in vitro (16). Therefore, to further un-
derstand the substrate specificity toward polypeptides, we studied 
phosphorylation of MBP and a combinatorial peptide library using 
radioactively labeled ATP (17). We identified that MBP and peptides 
P/I/R-S-W and Y-A-S mimicking an Ami sequence could be phos-
phorylated with AmiN (figs. S5 and S6). However, the protein kinase 
activity was more than two orders of magnitude lower in comparison 
with Ami (fig. S4).

The exceptional kinetic characteristics of AmiN motivated us to 
define the key features of its functioning. There is a marked differ-
ence between the unliganded AmiN and liganded AmiN in complex 
with Mg2+, AMP-PNP, and Ami (Fig. 3A and fig. S2) arising 
from the closure of the AmiN active site. The AmiN closure is 
induced specifically by Ami rather than ATP (fig. S7) binding. The 
refined crystal structure of AmiN revealed common features with 
phosphotransferases—ATP-binding domain, Brenner’s phospho-
transferase motif (H200-D202-N207), and metal-binding site (Fig. 3B). 
AmiN also has a special substrate-binding loop mentioned before, 
which forms a cavity—-box (complex -stacking system organized 
by H204, H205, N238, W241, and Y242 amino acid residues) responsible 
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Fig. 2. Phylogeny of AmiN-like and other related kinases. (A) Phylogenetic tree of AmiN-related kinases from the APH (aminoglycoside phosphotransferase) family. 
Resolved crystal structures of the previously reported and AmiN/hAmiN kinases are shown by green and orange lines, respectively. Substrate specificity was assigned 
according to Protein Data Bank (PDB). (B) Homologs of AmiN-like subfamily. (C) Sequence logo featuring conserved amino acids of the AmiN-like, AP, and Ser/Thr*-like 
kinase subfamilies. AMG, aminoglycoside kinase; GlcNAc, N-acetylglucosamine kinase. AmiN-like subfamily was extended from the full set of APH family, N = 50. APH, 
aminoglycoside phosphotransferase PFAM (Protein Family database) family; AP, aminopropanol kinase; Ser/Thr*, protein kinase with an unidentified natural substrate.
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for a high-affinity binding of Ami (Fig. 3C). The binding of Ami in 
the -box itself is unable to induce AmiN closure, while it determines 
its outstanding specificity toward Ami-like molecules. Instead, AmiN 
closure is predetermined by stabilizing of an intramolecular network 
of interactions (fig. S8) between the N-terminal ATP-binding domain, 
substrate-binding domain, and the hydrophilic part of Ami (mostly 
the amine and terminal amide groups). This net is formed by H-bonds 
and charge interactions between NH3

+
Ami-E36-Q161-CONH2Ami 

(Fig. 3D) and Ami-D222D221-R58R59 residues (Fig. 3E) stabilizing 
AmiN closed structure. The AmiN closure results in Ami positioning 
and convergence of ATP with OHAmi residue and the formation of 
an oxyanion hole playing an active role in phosphotransfer (Fig. 3F). 
The specific amino acid residues essential for AmiN-based resistance 
that we associate with phosphotransfer (K52, D202, H204, N207, 
D219, D222, and R286) and AmiN closure (E36, R59, E159, Q161, 
and D221) were probed by a point mutagenesis (Fig. 3G and fig. S9). 
Single amino acid substitutions in the -box do not lead to a com-
plete loss of function, indicating the cooperativity in the complex 
-stacking system.

The mechanism of phosphotransfer is mediated  
by active site closure
To clarify the mechanism underlying the AmiN functioning, we 
performed multiscale quantum mechanics (QM)/molecular mechanics 
(MM) simulations, which combine the precision of QM methods 
for the active center with the robustness of MM for the rest of the 
system (18). Molecular modeling revealed that AmiN in complex 
with ATP and Mg2+ exists in an open conformation, whereas a sub-
sequent binding of Ami drives the enzyme active center closure 
(Fig. 4A). During this rearrangement (movie S1), the previously 
mentioned closure network (Fig. 3B) is formed. Positively charged 
N-terminal residues (the amino group of M1, H2, K3, and K6) also 
contribute to the process, specifically K3, which interacts with back-
bone oxygen at the C terminus of 270 to 290 alpha helix locking 
AmiN in the closed form (movie S1). Phosphorylation of Ami alters 
the conformational landscape in favor of open conformation, stimu-
lating the product release. In line with this, kinetic and structural data 
demonstrated that Ca2+ ions, unlike Mg2+, abolished Ami phos-
phorylation (fig. S10), forming a stable complex with the open 
hAmiN form (fig. S11). The open hAmiN is stabilized by Ca2+-D221 
chelation, inducing strong E36-R58 interaction; therefore, the oxyanion 
hole is not formed. Many different protein kinases are proposed to 
use two Mg2+ ions for optimal activity (19); however, at high Mg2+ 
concentrations, the product release becomes a rate-limiting step for 
them. Unlike these kinases, single Mg2+ is essential and sufficient 
for AmiN closure (Fig. 4A) and maximal activity (Fig. 5A), revealing 
ATP•Mg2+ complex to be AmiN substrate (Fig. 5B).

Furthermore, binding the second Mg2+ observed in the hAmiN• 
AMP-PNP•Ami complex (fig. S11) stabilizes the enzyme-product 
complex in the closed conformation (Fig. 5C), resulting in the 
enzyme inhibition observed at the increased Mg2+ concentrations 
(Fig. 5A). Unlike the case of two metal ion-binding protein kinases, 
the excess of ATP did not inhibit AmiN (fig. S12), stressing that the 
second Mg2+ is not necessary for catalysis. Michaelis constant for 
ATP measured in the presence of saturating Ami KM = 0.14 ± 0.02 mM 
(fig. S12) was similar to antibiotic kinases displaying KM in the 0.01 
to 1.9 mM range (20), N-acetylhexosamine kinase KM = 0.17 mM (21), 
choline kinase KM = 0.35 to 0.41 mM (22), and protein kinases dis-
playing KM in the 0.01 to 0.5 mM range (23).
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Fig. 3. Crystal structures of unliganded and substrate-bound AmiN kinase revealed 
active site architecture and marked conformational rearrangements upon sub-
strate binding. (A) The overall closure of AmiN is mediated by substrate binding. 
Structural data for unliganded (orange) and liganded AmiN (blue) in complex with 
Mg2+ ion, AMP-PNP, and Ami. Distances are measured between C atoms of H2 and 
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the high-affinity binding of Ami. (D to F) Intramolecular network of interactions be-
tween N-terminal ATP-binding domain and substrate-binding domain stabilized by 
hydrophilic part of Ami (mostly amine and terminal amide groups), formed by H-bonds 
and charge interactions between NH3

+
Ami-E36-Q161-CONH2Ami (D) and Ami-D222D221-

R58R59 (E) stabilizing closed AmiN structure. (F) Oxyanion hole playing an active role 
in phosphotransfer induced by the AmiN closure. Dashed lines indicate H-bonding and 
electrostatic interactions. (G) Amino acids (AA) essential for AmiN functioning. Color in-
dicates the resistance of strains producing Ala-substituted variants of AmiN toward Ami.
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The QM/MM metadynamics indicated that the reaction proceeds 
through the dissociative mechanism (Fig. 4, B to E, and movie S1), 
and AmiN closure is essential for phosphotransfer (Fig. 5D). The 
estimated energetic barrier for open AmiN is substantially higher, 
indicating that the reaction rate in the closed form is more than 
eight orders of magnitude higher (Fig. 5D). At the first stage of the 
reaction, a gamma phosphate group is dissociated from the ATP 
molecule. A discrete stable intermediate state corresponds to the 
system with the dissociated metaphosphate anion and as yet the un-
activated OHAmi nucleophile of the substrate (Fig. 4D). The meta-
phosphate is stabilized by H-bonding with H204, N207, and internal 
NHAmi amide and coordinated by Mg2+. At the second step of the 
reaction, OHAmi nucleophile is activated by proton transfer to D202, 
and P─O bond is simultaneously formed. The D202 residue is sta-
bilized in the appropriate conformation for the proton transfer via 
interactions with N207 and R286. In line with the previous observations, 
QM simulations stressed that single Mg2+ ion is sufficient for phos-
photransfer, while the second Mg2+ ion does not affect the rate of 
the reaction (Fig. 5E).

Metadynamics showed that phosphate transfer reaction is self-
inhibited by the intramolecular Ami proton transfer from the positively 
charged NH3

+
Ami to the activated O-Ami reactive nucleophile of the 

substrate (see INH state on Fig. 4B and fig. S13A). The same NH3
+

Ami 
group is involved in proton exchange with the D222 amino acid 
residue (fig. S13B). The energetic barrier of 4.8 kcal/mol for the 

NH3
+

Ami-D222 proton transfer was low as compared with the reaction 
barrier, which indicates that D222 protects O−

Ami nucleophile, 
being the essential amino acid residue for the phosphotransfer. 
We suggest that it is a common feature of syn alkanolamine kinases 
facing intramolecular substrate proton transfer (Fig. 2C).

DISCUSSION
The global spread of antibiotic resistance is one of the most urgent 
problems of humanity. The production of antibiotic-inactivating 
enzymes represents the particularly important molecular fingerprint 
of resistant strains. Hence, the detailed atomistic description of the 
molecular mechanisms of the operation of antibiotic kinases is 
essential for targeting antibiotic resistance by specific inhibitors and 
antibiotic analogs protected against the respective kinases. Here, we 
found a unique subfamily of AmiN-like kinases with an exceptional 
affinity for the substrate and provided its detailed phylogenetic, 
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is most effective in the closed form, and single Mg2+ ion is sufficient for phospho-
transfer. (D) Comparison of the energy profiles of the phosphotransfer chemical stage 
in closed (blue) and open (orange) form of AmiN with a single Mg2+ ion. (E) Com-
parison of the energy profiles of phosphotransfer chemical stage proficiency with 
1 Mg2+ (blue) or 2 Mg2+ (orange) ions in a closed form. SEM from five independent 
calculations is shown as a filled area. ****P < 0.0001; NS, not significant.
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structural, and functional description. The described mechanism of 
AmiN operation based on substrate-induced closure of the active site 
was observed for small-molecule kinases (22, 24–27). Moreover, our 
multiscale QM/MM simulations revealed that the homologous 
enzymes—N-acetylhexosamine, spectinomycin, and choline kinase—
display an enhanced phosphotransfer in a closed conformation as a 
result of a better gamma phosphate positioning toward a phospho-
acceptor (Fig. 6). The kinetic restriction of substrate promiscuity stems 
from the described substrate-driven closure mechanism in the case 
of small-molecule kinases, while AmiN kinase represents the prime 
example. The novel AmiN kinase is a member of a previously un-
known subfamily that evolved to phosphorylate a distinct substrate 
representing the first evidence of a specialized phosphotransferase 
bioscavenger. AmiN was initially annotated, automatically (28) as a 
homoserine kinase, and we consider that the number of misclassified 
antibiotic resistance enzymes with unique specificities and enzymes 
with unusual mechanisms (29) is very extensive. This substantially 
challenges the precise prediction of resistomes (30). The compre-
hensive understanding of the evolutionary landscapes and biodiversity 
of antibiotic resistance enzymes along with the detailed atomistic 
descriptions of the resistance mechanisms will improve both the 
prediction of antibiotic resistance threats and the development of 
targeted strategies to prevent them (31).

MATERIALS AND METHODS
Estimation of kinetic parameters of AmiN
Ami phosphorylation was performed in reaction buffer containing 
50 mM Hepes-KOH (pH 7.5), 100 mM KCl, and 0.01% bovine se-
rum albumin. Ami dependence of the reaction rate was measured at 
30°C with 1 mM ATP, 1 mM MgCl2, and 0.01 or 0.1 nM enzyme for 
20 to 200 nM or 200 nM to 10 M Ami, respectively. ATP dependence 
was measured with 30 M to 10 mM ATP, 1 mM MgCl2, 1 M Ami, 
and 0.1 nM AmiN at 30°C. Mg2+ dependence was measured with 0.05 
to 100 mM MgCl2, 0.2 to 0.4 mM ATP, 1 M Ami, and 0.1 nM AmiN 
at 30°C. Metal dependence for AmiN and hAmiN was measured using 

10 mM ATP, 10 mM Me2+, 1 M Ami, and 0.1 nM enzyme at 30°C. 
Reaction mix was analyzed using Symmetry C18, 5 m, 3.9 × 150 mm 
(Waters) reversed-phase high-performance liquid chromatography 
(HPLC) column; buffer A [10 mM NH4OAc (pH 5.0) and 5% ACN], 
buffer B [10 mM NH4OAc (pH 5.0) and 80% ACN]; flow rate: 1 ml/min: 
gradient: 0 to 1 min (0% B), 1 to 11 min (0 to 67% B), and 11 to 
11.5 min (67 to 100% B) on Chromaster HPLC System (Hitachi) as 
described previously (12). Amicoumacin and its phosphorylated 
product were monitored using Chromaster Fluorescence Detector 
(ex = 317 nm and em = 469 nm). Reaction rates were determined 
in triplicate. KM and kcat constants were calculated using the Michaelis-
Menten kinetics at 20 to 200 nM Ami concentrations, assuming 
[ATP•Mg2+] >> [Ami]. Kinetic constants were determined using 
Prism 7 (GraphPad) software. Data represent means ± SD.

Estimation of thermodynamic parameters  
of substrate binding
The thermodynamic parameters of binding of ATP/adenosine 
diphosphate (ADP)/Ami to AmiN and Ami/phosphorylated Ami 
to AmiN-nucleotide complexes were measured by isothermal titration 
calorimetry (ITC) using a MicroCal iTC200 calorimeter (GE Healthcare 
Life Sciences, USA) at 25°C in 20 mM bis-tris-propane-HCl, 50 mM 
KCl, 2.5% glycerol, and 2 mM MgCl2 (or 2 mM CaCl2) (pH 8.5). 
Aliquots (2.5 l) of ligands were injected into a 0.2-ml cell containing 
the protein solution to achieve a complete binding isotherm. Protein 
solution (20 M) in the cell and 250 M ligand in the titrant syringe 
were used for each experiment. In the case of AmiN-nucleotide 
complexes, samples contained 20 M protein and 50 M AMP-PNP 
or ADP. The heat of dilution was measured by injection of the ligand 
into the buffer solution; the values obtained were subtracted from 
the heat of reaction to calculate the effective heat of binding. All 
measurements were done in triplicate. The resulting titration curves 
were fitted and analyzed using the Microcal Origin software, assuming 
one set of binding sites. Affinity constants (Ka) and enthalpy variations 
(H) were determined, and entropy variations (S) were calculated 
from the equation
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Fig. 6. The closed form provides more efficient phosphotransfer both in AmiN and related kinases. The energy profiles of the phosphotransfer chemical stage are 
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	​ G  =  − RTln ​K​ a​​  =  H − TS​	

Crystallization of AmiN and hAmiN
AmiN and hAmiN crystals were grown at 19°C using the hanging 
drop vapor diffusion method. All samples were centrifuged at 16,000g 
for 10 min before crystallization. Native AmiN crystals were pro-
duced by combining 1 l of protein with a concentration of 25 mg/ml 
and an equal volume of crystallization solution containing 0.1 M 
tris-HCl (pH 8.5), 2.5 to 2.65 M ammonium sulfate. AmiN in com-
plex with ATP was crystallized under similar conditions with pre-
liminary mixing of protein and ATP (added to a final concentration 
of 10 mM). In both cases, the crystals appeared within 12 to 24 hours. 
For crystallization of AmiN in complex with AMP-PNP, Mg2+, and 
Ami, protein with a final concentration of 70 mg/ml (1.8 mM) was 
mixed with AMP-PNP, Ami, and MgCl2 to a final concentration of 
10, 3.6, and 20 mM, respectively. Crystals were obtained by mixing 
1 l of protein complex solution and 1 l of reservoir solution con-
taining 0.1 M tris-HCl (pH 8.5), 1.1 M LiCl, and 27.5% (w/v) poly-
ethylene glycol (PEG) 4000. These crystals appeared within 3 to 
5 days. In the case of hAmiN, protein with a final concentration 
of 40 mg/ml (1 mM) was mixed with AMP-PNP, Ami, and MgCl2 
or CaCl2 to a final concentration of 2.2, 2, and 20 mM, respectively. 
hAmiN crystals were produced using 1 l of protein complex solution 
and 1 l of the crystallization solution containing 0.1 M MES 
(pH 6.5), 0.2 M sodium acetate, and 27 to 29% (w/v) PEG 2000 
MME (monomethyl ether). Crystals appeared within 2 to 3 days.

Estimation of AmiN and hAmiN activity toward  
different substrates
AmiN and hAmiN activity toward a broad range of substrates was 
measured using Fluorometric Universal Kinase Assay Kit ab138879 
(Abcam) on the basis of quantification of released ADP. The following 
substrates listed below were used: N-acetylglucosamine, glucos-
amine 6-phosphate, glucose, sucrose, sorbitol, glycerol, 2-amino-2- 
(hydroxymethyl)propane-1,3-diol (tris), serine, threonine, tyrosine, 
MBP, YAS-NH2, YLS-NH2, YS-NH2, PSW-NH2, choline, aminomethyl 
propanol, 3-dimethylamino-1-propanol, N-methyl-d-glucamine, 
glucosamine, galactosamine, kanamycin, ethanolamine, 3-amino-
1-propanol, 4-amino-1-butanol, NS-NH2, Ac-PSW-NH2, Ac-ISW-NH2, 
Ac-RSW-NH2, NSL-NH2, NSLY-NH2, SL-NH2, and SLY-NH2. The 
ADP release was assayed in 50 mM Hepes-KOH (pH 7.5), 100 mM 
KCl, 0.1 mM ATP, 10 mM MgCl2, and 10 mM substrates using 
0.2 M enzymes. Reaction mixtures were incubated at 30°C for 30 min 
and assayed with ab138879 (Abcam) kit in kinetic mode using the 
Varioskan Flash reader (Thermo Fisher Scientific) according to the 
manufacturer’s instructions. The estimated release of ADP was cal-
culated using the calibration curve, and background ADP released 
in the substrate-free reaction was subtracted. Reaction rates v/[E] 
were determined in triplicate and analyzed by multiple t tests using 
Prism 7 (GraphPad) software.

Simulation of opening/closure dynamics
Opening/closure free energy profiles were reconstructed in two 
dimensions with metadynamics implemented in Plumed 2.5.1 (32). 
The first collective variable (CV) corresponded to the interdomain 
distance, and the second corresponded to the relative twist of domains 
(fig. S14). To calculate the interdomain distance as the first CV, 
domain centers were designated as centers of mass of C atoms only, 

where the left domain is demarcated as a set of residues 1 to 55 and 
84 to 110 and the right domain is demarcated as a set of residues 156 
to 189 and 281 to 320. This CV was subsequently centered at the 
value corresponding to the closed AmiN kinase (30 Å). The second 
CV, being the twist of protein fold, was described as a torsion angle 
between C atoms of residues 46, 4, 302, and 184 and centered at 
the value for closed AmiN kinase (107°). Well-tempered meta-
dynamics simulation was performed in parallel by 15 walkers, de-
posing a Gaussian potential with an initial height of 0.25 kJ/mol and 
a width of 0.025 nm, 0.025 rad each 1000 steps with time step of 1 fs. 
Bias factor was set to 9. Profile was sampled for 10 ns per walker.

Simulation of phosphate transfer reaction
Reaction free energy profiles were reconstructed in one and two 
dimensions with metadynamics. For one-dimensional profiles, 
collective variable was designed as

	​ C​V​ 1​​  = ​ d​ 1​​ − ​d​ 2​​ where​	

	​​​ d​ 1​​  =  mi​n​ i​​​(​​d (​O​​ 
i ​ − ​P​ ​​ ) ​)​​ and​​	

	​​ d​ 2​​  =  d(​P​ ​​ − ​O​ Ami​​)​	

to capture the phosphorus transfer process. Here, ​​O​​ 
i ​​ stands for each 

of three beta-oxygens of ATP. For two-dimensional description, 
second variable was added as

	​ C​V​ 2​​  = ​ d​ 3​​ − ​d​ 4​​ where​	

	​​ d​ 3​​  =  d(​O​ Ami​​ − ​H​ Ami​​) and​	

	​​​ d​ 4​​  =  mi​n​ j​​​(​​d(​O ​D202​ j  ​ − ​H​ Ami​​ ) ​)​​​​	

to explicitly capture the proton transfer process. Here, ​​O ​D202​ j  ​​ stands 
for each of two carboxylate oxygens of D202. Well-tempered meta-
dynamics simulation (33) was performed in parallel by 28 walkers, 
deposing a Gaussian potential with an initial height of 2.0 kJ/mol 
and a width of 0.005 nm in each direction each 100 steps with time 
step 0.2 fs. Bias factor was set to 20. Profile was sampled for 20 ps 
per walker.

Simulation of Ami proton transfer
Free energy profiles of proton transfer from Ami-NH3

+ to either 
E36 or D222 were reconstructed with metadynamics along single 
variable

	​​ D  = ​ min​ i,j​​​(​​d(​H​ i​​ − ​O​ j​​ ) ​)​​​​	

where Hi is any of three protons on the NH3
+ group and Oj is any of 

two carboxylate oxygens. Well-tempered metadynamics simulation 
was performed in parallel by eight walkers, deposing a Gaussian po-
tential with an initial height of 1.0 kJ/mol and a width of 0.005 nm 
each 50 steps with time step of 0.2 fs. Bias factor was set to 15. Pro-
file was sampled for 20 ps per walker. Crystal structures, initial coor-
dinates for simulations, simulations settings, and metadynamics 
parameters are available online at https://vsb.fbb.msu.ru/share/amin_
kinase/. For more detailed information, please refer to Supplementary 
Materials and Methods.
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SUPPLEMENTARY MATERIALS
Supplementary material for this article is available at http://advances.sciencemag.org/cgi/
content/full/6/26/eaaz9861/DC1

View/request a protocol for this paper from Bio-protocol.
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