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Abstract

Glycolytic enzyme fructose-bisphosphate aldolase A is an emerging therapeutic target in cancer. Recently we
have solved the crystal structure of murine aldolase in complex with naphthalene-2,6-diyl bisphosphate (ND1)
that served as a template of the design of bisphosphate-based inhibitors. In this work, a series of ND1 analogs
containing difluoromethylene (-CF»), methylene (-CH>) or aldehyde substitutions were designed. All designed
compounds were studied using MD simulations with the AMOEBA force field. Both energetics and structural
analyses have been done to understand the calculated binding free energies. The average distances between

ligand and protein atoms for ND1 were very similar to the ND1 crystal structure, which indicates our MD
simulation is sampling the correct conformation well. CF2 insertion lowers the binding free energy by 10~15
kcal/mol while CF2 substitution slightly increases the binding free energy, which matches the experimental
measurement. In addition, we found that NDB with two CF2 insertions, the strongest binder, is entropically
driven, while others including NDA with one CF2 insertion are all enthalpically driven. This work provides
insights into the mechanisms underlying protein-phosphate binding and enhances the capability of applying
computational and theoretical frameworks to model, predict and design diagnostic strategies targeting cancer.

Introduction

For most cells, glycolysis is critical for generating energy and supplying metabolic intermediates for cellular
biomass. One of the hallmarks of cancer is the altered metabolism preferential dependence on glycolysis in an
oxygen-independent manner instead of oxidative phosphorylation, known as the “Warburg effect”.! Recently,
anovel feed-forward mechanism for hypoxic cancer has been identified. While HIF-1 upregulates transcription
of glycolytic enzymes, the glycolysis under inadequate oxygen supply, in turn, increases HIF 1a transcriptional
activity and stimulates tumor growth.? (Figurel). Tumor glycolysis has been actively studied and serves as a

potential target for cancer therapy.®*
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Figure 1. Glycolysis acts as a feed-forward mechanism for HIF-1 action.



SER271 GLY272
o _c
" ,b“" %;rnmm
. e

ASP33

GLY302
< o c

LYS229

LEU2 7:%

LYS107

Figure 2. 2D plot of the binding pocket of ND1 in crystal structure® generated using LigPlot+. Left: Key
residues include LYS107, SER35, SER38, SER271, GLY272, GLY302, LEU270, ALA31, ASP33, and
Try301. Right: Intermolecular interactions around negatively charged phosphate groups are marked in green
with distances while those hydrophobic ones involved aromatic systems are marked in red. These interactions
include binding to both residues’ backbone O and N, and sidechains’ -OH and -NHo.

A leading candidate for this target is the fructose-bisphosphate aldolase A (ALDOA), a central enzyme in
glycolysis.” ALDOA is responsible for converting fructose-1,6-biphosphate (FDP) into glyceraldehyde 3-
phosphate (GAP) and dihydroxyacetone phosphate (DHAP). The generally accepted catalytic mechanism for
ALDOA is shown in Figure S1. The reaction proceeds with the formation of a Schiff base intermediate
between LYS229 of the active site and the carbonyl group of the substrate FDP.*” The inhibition of ALDOA
has been shown to block the glycolysis, decrease HIF-1 activity and break the feed-forward loop mechanism
in cells. Thus aldolase A has prospects for controlling cancer proliferation.? 310

Aldolase inhibitors have been designed to mimic the substrate of FDP by probing the nature of the active site.*
" General principles of drug design involve keeping the strong electrostatic interactions with residues in the
active site while maintaining hydrophobic interactions in the linkage. Aldolase A has been co-crystallized with
naphthalene-2,6-diyl bisphosphate (ND1), an active site substrate-mimetic. Figure 2 shows the 2D structure
of the ND1 and highlights the key residues in the binding pocket. Figure S2 shows the same graphic enlarged.
H-bonds have been found between the two negatively charged phosphate groups and the polar and positive
charged residues including SER35, SER38, SER271, LYS229 and LYS107 as well as the neutral GLY272 and
GLY302. These interactions include binding to both residues’ backbone O and N, and sidechain -OH and -
NHoa. Besides, hydrophobic interactions are marked in red involving LEU270, ALA31, ASP33, and TRY301.
Note that negatively charged Asp33 interacts with the naphthalene ring, not the phosphate groups. Although
ND1 is a potent inhibitor, with two polar phosphate groups, it is easy to be hydrolyzed and hard to deliver in
vivo.



Molecular dynamics (MD) simulations are a powerful tool for understanding the driving forces underlying
molecular recognition, accelerating drug discovery, and guiding molecular design.'?!® Classical force fields
such as AMBER", CHARMM?’, OPLS-AA?!, or GROMOS?? are computationally efficient and sufficiently
accurate for many applications.'*?**> However, for highly charged species like phosphates-containing ligands,
the actual charge distributions of atoms and their changes in response to the environment’s electric field is
complicated and challenging to model and simulate.?*> Recently, polarizable force fields have shown
encouraging results for depicting these complicated interactions.?>** As a physics-grounded force field,
AMOEBA depicts molecular polarizability and electrostatic potential terms by using mutual atomic dipole-
dipole induction along with permanent atomic point multipoles up to quadrupole. 3>-3¢

In this work, we explored a series of ND1 analogs for both covalent and non-covalent inhibitors using MD
simulations with AMOEBA. For the non-covalent inhibitors, the difluoromethylene (-CF») and methylene (-
CH,) groups have been inserted or substituted targeting the phosphate bridging oxygen. For the covalent ones,
aldehyde substitutions have been done on the naphthalene rings. (Figure 3) For the non-covalent inhibitors,
we dissected the roles of entropy and enthalpy in binding for each system based on the calculated binding free
energy. We also conducted a structural analysis of the distances changing in the key interactions to further
compare the ligand binding modes. For the covalent inhibitors, we conducted non-covalent binding simulations
to investigate the potential sites for bond formation. This work provides insights into the mechanisms
underlying protein-phosphate binding and enhance the capability of applying computational and theoretical
frameworks to model, predict and design diagnostic strategies targeting caner.

Methods

Parameterization: Ab initio quantum mechanics calculations (QM) were performed using Gaussian 09°7 and
PSI4 program.*®*° All molecular mechanics (MM) force field-based calculations were performed using
TINKER 8 Software.’® *! The parameters for ND1 and its derivatives were derived by using POLTYPE
program.*’ The structures were optimized at MP2/cc-pVTZ level with Polarizable Continuum Model (PCM)*
and the single point energy were calculated at the MP2/6-311++G(2d,2p) level. Atomic multipole moments
were initially assigned from QM electron density calculated at the MP2/6-311G** level via Stone’s distributed
multipole analysis* and the optimizations were done with Tinker’s POTENTIAL program to fit electrostatic
potentials around molecules. The Van der Waals parameters were optimized to capture the ligand-water
interaction energy at different orientations calculated at the MP2/Aug-cc-pVTZ/QZ, extrapolated to CBS level.
The torsional parameters were derived to reproduce the QM conformational energy profile at MP2/6-
311++G** level. For interaction energy calculations, the dimer structures were optimized using MP2/cc-pVTZ

with PCM in Gaussian? and the interaction energies were calculated using MP2/aug-cc-pVT/QZ in Psi4® and
extrapolated to complete basis set. All parameters for water, protein and ions were adopted from the current
AMOEBA force field.!> 4546
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Molecular dynamics simulations: The structure of the ND1-ALDOLASE complex was taken from chain A in
the crystal structure.? All other derivatives were aligned to ND1 by the naphthalene ring in the same protein
pocket. The complexes were then solvated in periodic boxes of 82.48x82.48x82.48 A3 with NaCl added to
yield 0.15 M salt concentration. All molecular dynamics simulations were run using the Tinker-OpenMM



program on GPU*" with a RESPA integrator*®, Bussi thermostat*’, Berendsen barostat,> and 3.0 fs time step
with hydrogen-mass repartition (heavy-hydrogen keyword). The van der Waals (vdW) iterations used a 12.0
A cutoff, while the electrostatic interactions used a 7.0 A cutoff. The systems were gradually heated up to 298
K and sequentially relaxed from water and ions first, and then protein-ligand complex before free energy
production simulations. The non-covalent binding free energies were calculated for all the ligands by the
double-decoupling method (Figure S3).!> 47 A mixed potential was defined to calculate the free energy
difference between the end states that were connected analytically (Eq. 1). The free energy changes from one
state to the other is thus given by Eq. 2. The energy difference between adjacent states was estimated by the
Bennett acceptance ratio (BAR) method.! For the entropy and enthalpy decomposition, the enthalpy of binding
was calculated first by averaging the potential energy from each dynamic step. The entropy contribution will
be obtained from the difference between free energy and enthalpy (Eq. 3). Detailed methodology and
perturbation schedules can be found in previous papers.®>>® Energies reported in this work are relative to ND1
in kcal/mol. It is noted that all of these systems do have a net charge of -4, which can cause some error in the
absolute binding free energies. However, here we are only concerned with relative binding free energy changes
to ND1. Error cancelation is expected to compensate for the charged system. Charge corrections schemes using
a Poisson calculation with periodic boundary conditions could be used to correct this if absolute binding free
energy was important>*>3,
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Figure 3. Structures of non-covalent and covalent inhibitors. Experimentally measured Ki values for ND1 and
ND5 are 0.89 uM and 11.22 pM, respectively. Only ND1 has crystal structure? co-crystalized with
ALDOLASE A protein. The third row contains three covalent inhibitors ND-C, ND-D, and ND-E, while all
the others are noncovalent inhibitors. The bridging Os are marked in red. Substitutions and insertions of -CF»
and -CH, are marked in purple and the aldehyde groups are marked in magenta.



Structure analysis: Interaction distances between protein and ligands were calculated over all frames of
molecular dynamics trajectories. Then a heatmap were generated to visualize the interaction distances for all
derivatives. Amino acids were chosen from being within a 4-angstrom distance of any ligand atom from the
first MD trajectory frame. The heatmap has been sorted to show the interactions that are most conserved among
the derivatives. For atoms that share the same force field atom type, such as Os in [PO3], Fs in [CF2], and Hs
in [CH2], the heatmap only shows interactions of the atom that has the closest distance with a given protein
residue. The standard deviation of distances is typically 0.1-0.4 angstroms, with few exceptions of 0.4-1
angstroms. The detailed statistics are listed in Table S3 and S4.

Experimental details: For the ligand ND5, the ALDOA activity was measured using standard NADH coupled
enzymatic assay by measuring the absorbance at 340nm. The assay uses glycerol-3-phosphate dehydrogenase
to catalyze the conversion of dihydroxyacetone phosphate (product of ALDOA substrate cleavage) to
glyceraldehyde-3 phosphate in an NADH oxidation-dependent manner. The reaction was carried out in 50 mM
TEA-HCI pH 7.5, 50 mM NaCl, 1 mM EDTA, 0.01% Triton-X 100, 40 u M NADH, excess of 1.7 U of
glycerol-3-phosphate dehydrogenase/triosephosphate isomerase (-GDH and TPI) (Sigma-Aldrich, St. Louis,
MO) and varying concentrations of fructose 1,6-bisphosphate, at 30 °C. For ND1, the chemical assay has been
published previously.® All the detailed measurements of the Ki value can be found in FigureS4.
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Figure 4. Relative binding free energy AAG of all ligands to ND1 in kcal/mol. Blue ones represent that ligands
that bind weaker than ND while the oranges ones represent that ligand bind tighter than ND1. For all ligands,
the non-covalent binding free energies were computed. All energies are in kcal/mol and the values are listed
in Table S1.



Results and Discussions

From chemical assays, we determined that ND1 is a strong inhibitor of ALDOA with the Kj value of 0.89 uM

while ND5 is ~1.49 kcal/mol weak relative to the ND1 with the Ki value of 11.22 uM. From MD simulations
using AMOEBA, the ligands ranked by calculated binding free energies from tightest to weakest are NDB,
NDAI1, ND7 and ND1, NDA2, NDS5 for the non-covalent competitive inhibitors. All the aldehyde substituted
derivatives designed to mimic the covalent inhibitors are weaker binder compared to ND1. ND5 has more
positive binding free energy compare to ND1 and the relative binding free energies of ND5 to NDI is ~2.98
kcal/mol, which matches the experimental measurement. By comparing NDA 2 and NDB, we observed that
the free energy decreases when inserting another CF2 group. Neither inserting CH2 groups in ND7 nor
substituting the bridge O with CF2 group in ND5 improve the binding. All the experimental details are
described in the Methods section.

Table 1. Relative binding free energies AAG (kcal/mol) of mutating the functional group on each side of
NDS5/NDB separately compared to ND1. The functional groups are on the 2, 7 positions on the naphthalene
ring. In ALDOA, the protein side represents the side facing the protein binding pocket (close to LYS229 and
SER271) while the water side represents the side that is close to SER38 and SER35, more exposed to water.
The uncertainties are in parenthesis.

Water side Protein side Both sides

ND5 09(0.3)  29(03) |ND5 3.0(l.1)

NDA 12(1.1) -10.1(1.1) | NDB -16.1(1.1)

Most of the ligands have symmetric structures with one functional group on each side. NDA was designed to
study the interaction of single functional group with different side of the binding pocket. Two simulations were
set up: NDA 1 with the CF2 site facing the protein pocket (close to LYS229 and SER271) and NDA 2 with
the CF2 toward the water (close to SER38 and SER35). Similarly, the interactions of NDS5 at two different
sides were studied by mutating only the functional group at one side. The binding free energies of the single
functionalization with two different orientations were compared with those of double functionalization in
Figure 4 and Table 1. AAG are positive for ND5 with both orientations, while it is smaller when the CF2
group faces the water side. The sum of AAG for two CF2 groups of ND5 is slightly higher than the total AAG
of NDS5. For NDA, AAG is close to zero when the CF2 group faces the water side (NDA_2) and much lower
when CF2 faces the protein side (NDA_1). The sum of AAG for NDA is significantly higher than AAG of
NDB, which indicates a cooperative effect of the two CF2 groups. The results of ND5 and NDA agree with
each other in that modifications on ligand interacting with the protein side have a large effect.
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Figure 5. Relative energy decomposition results of selected non-covalent inhibitors to ND1 including the
relative enthalpy (AAH) in blue, relative entropy (TAAS) in green, and the relative binding free energy in
yellow. All energies are in kcal/mol and the uncertainties are in Table S2.

To explore the driving force underlying ND series inhibitions, we examined the enthalpy and entropy
contributions of the binding free energy. Figure 5 lists the calculated binding enthalpy and entropy for non-
covalent ligand. The binding enthalpies are vastly different. There appears to be no simple relationship between
the binding thermodynamics and the size or the length of the ligands. Comparing ND5 with NDB and NDAs
with NDB, we find that the binding enthalpy does not correlate with the inserting 1 or 2 atoms in the phosphate.
For the two orientations of NDA, NDA 1 with the CF2 pointing to the protein side has a much lower binding
enthalpy. Interestingly, the strongest binder NDB is entropically driven, while NDA 1, which also has the CF2
insertion and a negative AAG, is enthapically driven. The weak binders including ND7, NDA 2 and ND5 have
favorable binding enthalpies which are compensated by entropy contributions. These results suggest the
importance of enthalpy-entropy compensation: either enthalpy or entropy itself cannot guide the design of
potent inhibitors.
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Figure 6. Heatmap of distances for conserved interactions between protein and ND1 derivatives. Interactions
that are conserved on protein pocket side are defined with a 1 in their label, while atoms on the water exposed
side are defined with 2 in their label. Any oxygen not on a phosphate group is defined by OB, where B refers
to bridging oxygen. CF refers to the carbon attached to a Fluorine. CH refers to the carbon attached to a
hydrogen. G represents the naphthalene ring. The bar on the right presents distances ranging from 0.2 nm in
black to 0.4 nm in white. Blue indicates that an interaction does not exist for a given derivative. NDICRY,
refers to the crystal PDB of NDI.



Table 2. Covalent inhibitors design. 4 types of inhibitors have been designed, where two of them are
categorized into covalent reversible while the other two are covalent irreversible inhibitors. Two hydrogens on
the naphthalene ring were designed to be substituted by R1 or R2 highlighted in pink. The reaction site in the
binding pocket has been simplified as the key residues highlighted in blue. The proposed inhibition

mechanisms are illustrated by using one of the possible derivatives listed in column #2.

Designed inhibitors Proposed Inhibition mechanism Category
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In an attempt to understand what interactions make each derivative binding specific, we computed the average
distance for interactions between protein and ND1 derivatives (Figure 6). With the exception of a few
interactions such as ARG303-N-O P1, ALA31-CB-O P1, SER38-OG-G2, the crystal structure of ND1 is very
close to the averaged MD trajectory of ND1. NDA 1, while keeping most of the interactions found in ND1,
has an additional salt bridge between Lys107 and the PO3 group. Some of the conserved interactions across
most derivatives, i.e. the interactions of the PO3 head inside the pocket with Ser271 and Arg303 are not
observed in NDB. Instead, the CF2 group interact with these residues. The missing of the salt bridge in NDB
binding may explain its unfavorable binding enthalpy.



The design of a covalent inhibitor targets the hydrophobic naphthalene on ND1 by adding functional groups
to enhance the inhibitive properties of ND1. As designed, those substitution groups can form covalent bonds
with polar residues in the binding pocket including Lys107, Lys229, and Ser38. The inhibition mechanisms
can be categorized as covalent reversible or covalent irreversible. 12 designed covalent inhibitors in 4
categories are listed in Table 2. Since ND1 has a symmetric structure, two positions on the naphthalene ring
(shown as Ri, R») have been selected. The proposed reactions are listed in the second column with residues in
the binding pocket, modifications, original ND1 colored in blue, pink, and black respectively. Only one
mechanism for each category is listing as an illustration while the rest of the reactions in the same row should
follow the same mechanism. The second and third columns show the designed covalent reversible inhibitors
(design #1.1~1.3 and design #2.1~2.3). By adding and aldehydes and difluoroketone, the new inhibitors could
react with the -OH in Ser38 and form covalent bond with the binding pocket. The last two rows show the
covalent irreversible designs (design #3.1~3.3 and design #4.1~4.3). Two phosphates serve as selectivity group
while the aldehydes and methyl acetimidate cations are the affinity groups/warheads. The most interesting
design is the last one that was inspired by the chemical reagent inhibition. Because of the intrinsic reactivity,
lysine forms covalent bonds with methyl acetimidate cations.
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Figure 7. Distribution of distances between all covalent inhibitors with all three Lysine in the binding pocket.
Close distances were found between aldehyde O and LYS N, which indicates a potential formation of the
covalent bonds.

From the design of covalent inhibitors, three aldehyde derivatives, i.e. NDC, NDD and NDE were chosen for
MD simulations to investigate the potential reaction site. Figure 7 shows the distribution of distances between
all covalent inhibitors with all three Lysine in the binding pocket. The close interactions with LYS107 in the
binding pocket were found among all designs of the covalent inhibitors. This indicates a potential covalent
bond formation while LYS146 and LYS229 are unlikely to react with the aldehyde groups. Refering back to
Figure 4, the calculated binding free energies for design NDC, NDD and NDE are 0.3, 1.1 and 8.3 kcal/mol
compared to ND1, respectively. The three positive values represent weaker binding after the modification.
This might be due to the limitations of MD simulations, which can mimic the intermolecular interactions
accurately without new bond formation in one continued simulation. Thus, without reactions, the addition of
aldehyde makes the hydrophobic ring bulky and pushes some of the residues away from the inhibitor, and
results in weak inhibitors.

Conclusion

In this work, a series of inhibitors for ALDOA have been designed in both non-covalent and covalent categories
to improve the stability of ND1 and investigate the effects of CF2 group. MD simulations with the AMOEBA
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force field were used to study the structures and free energies of the inhibitor binding. We observed that the
average distances between ligand and protein atoms for ND1 were very similar to the ND1 crystal structure,
which indicates our MD simulation is sampling the correct conformation. This gives credence to the derivatives
sampling the correct conformation distribution. We found the most potent non-covalent inhibitor to be NDB
with two CF2 insertions, followed by NDA with one CF2 insertion, while CF2 substitutions and CH2 insertion
do not improve the binding affinity. Biochemical assays also showed that CH2 insertion weakens the inhibition
effect.

Besides, it was found that CF2 substitution or insertion interacting with the protein side of the pocket has a
larger contribution to free energy change than that interacting with the other side of the pocket. Notably, NDA
with CF2 pointing to the protein side lowers the free energy by ~10 kcal/mol while it has little effect when
CF2 points to the water side.

Thermodynamic analyses revealed nontrivial enthalpy-entropy compensation. NDB binding is entropy-driven
while NDA binding is enthalpy-driven. This indicates the importance of using free energy calculations instead
of energy calculation on minimized structures for lead optimization.

For the covalent inhibitors, we observed that LYS107 is a potential site for forming covalent bonds with ND1-
aldehyde derivatives. This work suggests that the inhibitors containing insertions of CF2 have potential as
chemotherapeutic drug leads, pending synthesis.
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Figure S1. The catalytic mechanism for ALDOA. Two residues in the binding pocket, Lys229 and
Tyr363, are highlighted in blue. Lys forms a Schiff base with substrate FDP while Tyr is involved in
the protonation or deprotonation of the enamine intermediate.?
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Figure S2. The 2D plot of the binding pocket of ND1 in Aldolase. Intermolecular interactions around
negatively charged phosphate groups are marked in green with distances while those hydrophobic
ones involved aromatic systems are marked in red. Water molecules in the crystal structure are in
cyan.
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Acrbind =AGprot - AC‘hyd

Figure S3. Thermodynamic cycle for calculating the binding free energy of ND1-ALDOLASE
binding. The absolute binding free energy (AGp;nq) of the NDI-ALDOLASE binding was calculated
by the double-decoupling method. This involvers “disappearing” the ND1 in water and in the protein-
NDI1 complex.® Hence, the binding free energy can be defined as the difference between the
decoupling free energies in water (AGyyq) and protein environments (AGyyor).” "

Table S1. Relative binding free energy (AAGy;,4)of all ligands to ND1 including decoupling the
ligand from water (AAGp,,4) and from protein environments (AAG,y,;). All energies are in keal/mol

and the uncertainties are shown in (AAG,_err ) columns.

Ligands | AAGping | AAGping err AAGhyd AA Ghyd_err AAGpror | AAGprot_err r;?grz;l
ND5 2.98 -0.04 117.50 -0.07 120.62 -0.02 -0.14
ND7 -1.69 0.17 51.56 -0.22 51.22 0.56 -0.23

NDA 1 -10.06 0.00 81.38 -0.09 71.52 0.09 -0.21
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NDA 2 1.20 -0.01 81.38 -0.09 82.79 0.07 -0.21
NDB -16.12 -0.02 152.52 -0.11 136.69 0.07 -0.29
NDC 0.49 -0.05 -19.58 -0.09 -19.04 -0.01 -0.05
NDD 1.28 0.01 -19.86 -0.06 -18.51 0.09 -0.07
NDE 8.51 0.04 -40.21 -0.07 -31.62 0.18 -0.07

Table S2. Relative energy decomposition results of the non-covalent inhibitors to ND1 including
the relative enthalpy (AAH), relative entropy (TAAS). All energies are in kcal/mol and the
uncertainties are shown in AAH_err column.

Ligands TAAS AAH AAH_err
ND5 -14.50 -11.52 19.60

NDA 2 -11.67 -10.47 19.76
ND7 -11.52 -13.22 17.42

NDA 1 -28.26 -38.33 19.40
NDB 27.60 11.48 19.50

Global (shared)
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Figure S4. Experimental data of the Competitive inhibitors ND1 and NDS5, with the Ki value of
0.89 and 10.67 uM, respectively.

Table S3. Mean distances of the conserved interactions across all derivatives in the Figure 4 left.
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ND1 NDB ND7 NDICRY | NDA 2 ND5 NDA 1
LYS229-NZ-O_P1 | 0.251 0.262 0.285 0.296 0.263 0.275 0.259
SER271-0G-O_P1 | 0.266 0.476 0.277 0.255 0.275 0.274 0.269
SER271-N-O_P1 | 0.307 0.302 0.333 0.277 0.298 0.367 0.333
GLY302-N-O_P1 | 0.289 0.511 0.294 0.303 0.286 0.286 0.284
SER271-CB-O_P1 | 0337 0.386 0.331 0.334 0.325 0.357 0.336
SER35-0G-O_P2 | 0.345 0.313 0.313 0.285 0.310 0.476 0.366
SER35-CB-O_P2 | 0.34] 0.331 0.354 0.315 0.378 0.402 0.329
LYS229-CE-O_PL | 0.34] 0.349 0.373 0.347 0.362 0.380 0.341
SER300-O-O_P1 | 0.326 0.350 0.377 0.333 0.382 0.376 0.364
ARG303-N-O_PI | 0.298 0.583 0.308 0.458 0.374 0.310 0.329
LYS107-NZ-O_P2 | 0.456 0.560 0.456 0.311 0.341 0.274 0.294
SER271-CA-O_P1 | 0388 0.399 0.411 0.352 0.361 0.416 0.383
LYS229-NZ-P1 0.384 0.345 0.393 0.437 0.395 0.412 0.387
GLY302-CA-O_P1 | 0.353 0.582 0.346 0.406 0.361 0.357 0.348
SER271-N-P1 0.407 0.422 0.409 0.379 0.374 0.419 0.395
TYR301-CA-O_P1 | 0383 0.544 0.415 0.339 0.371 0.382 0.392
SER271-0G-P1 0.388 0.537 0.383 0.358 0.389 0.393 0.382
TYR301-C-O_P1 | 0368 0.583 0.398 0.367 0.376 0.366 0.382
ALA31-CB-O_P1 | 0321 0.354 0.436 0.422 0.513 0.408 0.453
GLY302-N-P1 0.409 0.554 0.410 0.361 0.390 0.410 0.404
SER35-N-O_P2 0.313 0.325 0.560 0.356 0.546 0.402 0.441
SER35-0G-P2 0.473 0.403 0.401 0.375 0.398 0.499 0.450
GLY302-C-O_P1 | 0372 0.636 0.382 0.478 0.417 0.378 0.387
SER300-O-P1 0.387 0.431 0.472 0.413 0.474 0.462 0.444
SER35-CA-O_P2 | 0389 0.404 0.498 0.397 0.509 0.448 0.440
LYS107-NZ-P2 0.431 0.547 0.553 0.354 0.424 0.386 0.405
SER38-0OG-O_P2 | 0.279 0.276 0.505 0.300 0.557 0.647 0.577
LYS107-CE-O_P2 | 0488 0.640 0.515 0.367 0.430 0.355 0.394
ARG303-CB-O_P1 | 0,381 0.616 0.385 0.582 0.474 0.417 0.438
ARG303-CA-O_P1 | 0.395 0.672 0.401 0.568 0.488 0.416 0.437
SER38-CB-O_P2 | 0.332 0.342 0.565 0.289 0.671 0.581 0.676
SER38-OG-P2 0.367 0.359 0.552 0.450 0.592 0.620 0.566
SER38-0G-G2 0.677 0.607 0.412 0.527 0.545 0.378 0.446
LYS107-NZ-G2 0.369 0.541 0.600 0.497 0.579 0.588 0.567

Table S4. Mean distances of the interactions that are not conserved among all derivatives in Figure4
right. 100 means interaction does not exist for a given derivative.
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NDI NDB ND7 NDICRY | NDA 2 ND5 NDA 1
LYS107-NZ-OB_P2 | 0254 0.392 0.509 0.280 0.415 100.000 0.492
ARG303-N-OB_P1 | 0.405 0.434 0.533 0.371 0.386 100.000 0.590
SER35-0OG-OB_P2 | .523 0.554 0.352 0.493 0.435 100.000 0.485
LYS107-CE-OB_P2 | 0334 0.493 0.507 0.416 0.533 100.000 0.573
GLY302-CA-OB_P1 | 0,507 0.519 0.567 0.334 0.356 100.000 0.590
GLY302-N-OB_P1 | 0.499 0.532 0.579 0.333 0.378 100.000 0.590
SER35-CB-OB_P2 | (535 0.605 0.390 0.523 0.492 100.000 0.414
GLY302-C-OB_P1 | 0.494 0.497 0.596 0.409 0.394 100.000 0.635
SER38-0G-OB_P2 | 0527 0.603 0.398 0.505 0.545 100.000 0.448
ARG303-CB-OB_P1 | 0392 0.451 0.560 0.494 0.497 100.000 0.632
ARG303-N-F_CF1 | 100.000 0.319 100.000 100.000 100.000 0.295 0.397
SER35-OG-F_CF2 | 100.000 0.366 100.000 100.000 0.356 0.305 100.000
GLY302-CA-F_CF1 | 100.000 0.366 100.000 100.000 100.000 0.328 0.400
ALA31-CB-F_CF1 | 100.000 0.417 100.000 100.000 100.000 0.298 0.410
ARG303-CB-F_CF1 | 100.000 0.348 100.000 100.000 100.000 0.348 0.436
GLY302-N-F_CF1 | 100.000 0.343 100.000 100.000 100.000 0.373 0.425
SER35-CB-F_CF2 | 100.000 0.430 100.000 100.000 0.387 0.328 100.000
GLY302-C-F_CF1 | 100.000 0.380 100.000 100.000 100.000 0.363 0.440
SER35-N-F_CF2 100.000 0.385 100.000 100.000 0.449 0.354 100.000
ARG303-CA-F_CF1 | 100.000 0.395 100.000 100.000 100.000 0.337 0.470
ARG303-N-CF1 100.000 0.415 100.000 100.000 100.000 0.370 0.457
SER35-0G-CF2 100.000 0.428 100.000 100.000 0.398 0.439 100.000
LYS107-NZ-F_CF2 | 100.000 0.307 100.000 100.000 0.434 0.566 100.000
LYS107-NZ-CF2 100.000 0.396 100.000 100.000 0.437 0.519 100.000
SER271-0G-F_CF1 | 100.000 0.364 100.000 100.000 100.000 0.486 0.520
SER38-OG-F_CF2 | 100.000 0.571 100.000 100.000 0.417 0.390 100.000
SER271-CB-F_CF1 | 100.000 0.315 100.000 100.000 100.000 0.538 0.552
SER300-O-F_CF1 100.000 0.368 100.000 100.000 100.000 0.509 0.550
SER38-CB-F_CF2 | 100.000 0.630 100.000 100.000 0.518 0.313 100.000
LYS107-CE-F_CF2 | 100.000 0.375 100.000 100.000 0.536 0.651 100.000
ALA31-CB-H_CHI | 100.000 100.000 0.341 100.000 100.000 100.000 100.000
LYS229-NZ-H_CHI | 100.000 100.000 0.359 100.000 100.000 100.000 100.000
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