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The strigolactone signaling pathway in plants is unconventional among plant hormone
signaling pathways in that the receptor also acts as an enzyme that hydrolyzes the
strigolactone substrate. While the canonical view of strigolactone hydrolysis is that
it occurs via a nucleophilic attack on the butenolide ring of strigolactone, an alterna-
tive Michael addition mechanism in which hydrolysis occurs via a nucleophilic attack
on the enol-ether bridge has been proposed. Furthermore, while it is known that a
hydrolysis-induced covalent modification to the receptor promotes strigolactone re-
ceptor activation, the nature of this covalent modification has been disputed. Here,
we employ QM /MM string method simulations to determine the favored pathway of
strigolactone hydrolysis and the nature of the covalent modification that acts as a pro-
moter of strigolactone receptor activation. Our simulations show that strigolactone
hydrolysis occurs via an acyl substitution pathway beginning with nucleophilic attack
on the butenolide ring, which is well corroborated by previous experimental literature.
Additionally, we show that multiple possible modes of covalent modifications to the
catalytic residues by the butenolide ring are able to form and interconvert, reconciling
several seemingly conflicting views on the hydrolysis-induced covalent modification to

strigolactone receptors.
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1 Introduction

Strigolactones are a class of plant hormones responsible for regulating shoot branching, root archi-

13 In flowering plants, they are perceived a class of

tecture, and hypocotyl elongation in plants
receptors known as DWARF14 (D14) proteins. A structure of a D14 protein is shown in Fig. 1A.
Strigolactone signaling begins with binding of the ligand to D14 followed by catalytic hydrolysis.
After the strigolactone molecule is hydrolyzed a portion remains covalently bound to the catalytic
residues while the receptor undergoes a large conformational change from its “open” or inactive
state to its “closed” or active state*. While in its active state, the receptor associates with its
signaling partner MAX2 as well as a SMXL protein®. The complex is then ubiquitinated and de-
graded, inducing further downstream signaling®. One component of strigolactone perception by
D14 proteins is hydrolysis of the substrate by D14. While the strict dependence of downstream
signaling on substrate hydrolysis has been disputed”, this hydrolysis reaction has been shown to
be a promoter of signaling®®?. Intriguingly, while a strigolactone receptor in parasitic witchweed,
ShHTL7, has been shown to have a unique picomolar EC50 for signaling in the presence of strigo-
lactone analog GR24'°, its apo conformational dynamics suggest it has lower signaling activity
compared to D141, This further suggests that substrate hydrolysis and its resulting covalent mod-

ification of the receptor plays a role in activating these receptors and highlights the importance of

understanding the details of the strigolactone hydrolysis mechanism.

The canonical model for strigolactone hydrolysis is that hydrolysis begins via a nucleophilic
attack of the catalytic S97 residue on the butenolide ring (D-ring) of strigolactone*. However, it
has also been suggested that the reaction may occur via a Michael addition pathway in which the
nucleophilic attack instead occurs on the enol-ether bridge'?. Reaction schemes for these proposed
pathways are shown in Fig. 2. In addition, while several studies have indicated that the D-ring
is covalently bound to the protein when it undergoes its conformational transition to the active
state, there is disagreement on the form and location of the D-ring® % 13, Mass spectrometry results
of a peptide containing residues surrounding H247 from RMS3, a D14 ortholog, showed a species
matching the mass of butenolide ring bound to H247°. A crystal structure of the active form of the

protein showed what was believed to be a covalently linked intermediate molecule (CLIM), which is
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an open butenolide ring covalently bound to both S97 and H247 of the catalytic triad*. Reanalyses
of this crystal structure has shown that the electron density attributed to CLIM is also able to
fit well with an iodide ion'* or a closed D-ring bound to the catalytic histidine (D-ring-H247)'3.
In light of these disagreements over details of the strigolactone hydrolysis mechanism, this work
aims to (i) determine whether the reaction predominantly occurs via the canonical model in which
hydrolysis is initiated via nucleophilic attack on the D-ring (acyl substitution) or the alternatively
proposed Michael addition mechanism, and (ii) determine the dominant hydrolysis-induced covalent

modification to the receptor that acts as a promoter of activation and downstream signaling.

(0]
n 0
T2|
<% i (AIB)"
T3
T1NE.....q S My
«v @&» o) \D ©
........... ﬂ& .............. o HN/\N o CHj
D-lOOp Asp218 s
Ser97

H247
L p2is

Figure 1: (A) Overall structure of AtD14 with the T1, T2, and T3 helices shown in blue, yellow,
and purple respectively and D-loop shown in red. The catalytic triad, GR24 ligand, and a binding
pocket water molecule. The boxed region contains the QM atoms. (B) The QM region consisting of
S97-D218-H247 catalytic triad, GR24 (strigolactone analog) ligand, and binding pocket water. (C)
Schematic of GR24 and the catalytic triad. GR24 is shown in its 5DS stereochemistry, matching
that of naturally occurring strigolactones.

In our previous work, we have used long-timescale molecular dynamics simulations to charac-

terize substrate recognition and conformational dynamics of strigolactone receptors''1®. However,
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a limitation to classical molecular dynamics is that they are unable to capture changes in cova-
lent bonds such as those involved in chemical reactions. Thus, to determine the most probable
reaction pathway for strigolactone hydrolysis and identify the covalent promoter of activation, we
employed QM /MM free energy simulations to characterize the proposed reaction pathways in de-
tail. Briefly, QM /MM is a molecular simulation method in which a portion of a system is described
using quantum mechanical calculations, while the rest of the system is described using a classical
molecular dynamics force field'% 7. This enables simulations of enzymatic systems that would be in-
tractable by pure quantum mechanical calculations. A schematic of our quantum mechanical region
is shown in Fig. 1B-C. Since QM/MM simulations have a high computational cost, we employed
string method free energy calculations to determine optimal reaction pathways for each mechanis-
tic step. The string method is a transition path search method a path is discretized into images
and the images are updated iteratively using restrained simulations!®2°. This method has been
previously used in conjunction with QM/MM simulations to study other enzymatic systems?! 24,
String method optimization additionally enables computation of free energy profiles along reaction
pathways, which in turn enables identification of the most probable of a set of possible reaction
pathways. In this manuscript, we employed extensive string method free energy calculations (6
string optimizations with ~1.4 ns aggregate simulation time at DFT/B3LYP-level theory) on pre-
viously proposed mechanisms of strigolactone hydrolysis. Using our simulation results, we have
been able to identify the favored reaction mechanism and reconcile partially conflicting models of

hydrolysis-induced covalent modification of strigolactone receptors.

2 Results

Acyl substitution pathway is energetically favored Two possible mechanisms of strigolac-
tone hydrolysis have been proposed in the literature: a Michael addition pathway in which the
S97 attacks the enol-ether bridge'?, and an acyl substitution pathway in which S97 attacks the
butenolide ring?. To determine the more probable reaction pathway for strigolactone hydrolysis,
we performed QM/MM string optimizations on each reaction step of both pathways. In reaction

pathways, the step with the highest free energy barrier was the initial nucleophilic attack of S97


https://doi.org/10.1101/2022.04.22.489200
http://creativecommons.org/licenses/by-nc-nd/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/2022.04.22.489200; this version posted April 22, 2022. The copyright holder for this preprint (which
was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made
available under aCC-BY-NC-ND 4.0 International license.

6 .
A ©\/>j§ N @@LQ: — M Q‘
NS PO, Lo

b . NH
(K/N GQ Asp218 rk/ Sero7 Asp218 (K/ 59f97
Asp218 \l

His247 Ser97 His247 His247

[o) [0) A
%, 0 C//» \_C,) 'f o
0 /S —> i WA — ( [H‘\
Ser97
- O HN O HN
H\O HN/\, N CH, Hl\ :\N CH, /\ Serg7
Asp218 ~ W Asp218 Asp218

His247 Serd7 His247 His247

(o}

:OH O, Ser97 Ser97 —
%OH NZ= y O/ HKOH N=\ er Hl\OH N o " Ser97
P psp218 r‘\/ > rk/ N

5

Asp218 — Asp218 ~
CH, CHy
His247 His247 His247

s

Figure 2: Reaction pathways for the (A) Michael addition and (B) acyl substitution reaction
pathways proposed in literature. The Michael addition pathway is initiated by a nucleophilic
attack on the enol-ether bridge of GR24, while the acyl substitution pathway is initiated by a
nucleophilic attack on the carbonyl carbon on the butenolide ring (D-ring) of GR24. This pathway
includes covalently linked intermediate (CLIM) species and covalent D-ring H247 modification (D-
ring-H247) that have been reported in literature.

on the substrate. This indicates that the rate-limiting process for GR24 hydrolysis is the S97
attack. The free energy barrier of the initial S97 attack on the substrate is ~70 kcal/mol in the
acyl substitution pathway, while the barrier for the initial attack is ~143 kcal/mol in the Michael
addition mechanism (Fig. 3-4). This nucleophilic attack is highly endothermic in both pathways
with AG values of ~143 kcal/mol and ~64 kcal/mol in the Michael addition and acyl substitution
pathways, respectively. These free energy profiles indicate that the acyl substitution pathway is
both thermodynamically and kinetically more favorable than the Michael addition pathway. Error

bars for these PMF profiles are shown in Tables S1-7.

Following the initial nucleophilic attack, the enol-ether bridge is severed so that the butenolide

ring is detached from the ABC ring scaffold. In the Michael addition pathway, the ABC ring
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Figure 3: Potential of mean force profile for the Michael addition pathway calculated from simu-
lations. The structures of (1) the initial GR24 and catalytic triad, (2) intermediate species with
GR24 covalently bound to S97 via the enol-ether bridge, and (3) the final state consisting of the
ABC-rings and detached, open-form D-ring are shown, and their locations on the PMF profile are
indicated with their corresponding numbers.

scaffold remains covalently bound to the serine after hydrolysis, while the D-ring is not covalently
bound to any of the catalytic triad residues. In contrast, the D-ring remains covalently bound to
either S97 or H247 post-hydrolysis. Several studies have detected D-ring derivatives that remain
covalently bound to the enzyme, which is consistent with our finding that the acyl substitution
pathway is more favorable. Additionally, fluorescent strigolactone analogs which are often used
to study strigolactone receptors in vitro contain butenolide rings but lack an enol-ether bridge,
suggesting that an enol-ether bridge is not needed for the substrate to be hydrolyzed?®. This
further suggests that strigolactone hydrolysis follows the acyl substitution pathway. Mechanistic
details of the acyl substitution pathway are discussed in the following section, and details of the
unfavored pathways, Michael addition and the D-ring-H247 formation from CLIM step from the
acyl substitution pathway, are shown in Figs. S1-3. Observed mechanisms with arrow-pushing

schematics are shown in Figs. S4-10.
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Figure 4: Potential of mean force profile for the acyl substitution pathway calculated from sim-
ulations. The structures of (1) the initial GR24 and catalytic triad, (2) intermediate with GR24
covalently bound to S97 via the D-ring, (3) intermediate with the open D-ring covalently bound
to S97, (4) covalently linked intermediate (CLIM), (5) and closed D-ring covalently bound to H247
are shown, and their locations on the PMF profile are indicated with their corresponding numbers.

Mechanistic details of acyl substitution

Nucleophilic attack on D-ring leads to spontaneous ring opening

The acyl substitution pathway begins with a nucleophilic attack of S97 on the C5’ carbon of GR24

(Fig. 5). This nucleophilic attack is facilitated by a proton transfer from S97 to the adjoining H247

of the catalytic triad, which increases the nucleophilic strength of the serine. This reaction step is
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Figure 5: Distances between atoms that form and break bonds during the initial nucleophilic
attack of Ser97 on the D-ring (A). Solid lines indicate distances that were constrained during string
optimization, and dashed lines indicate bonds that changed spontaneously without applied biases.
The transition state, defined as the maximum point on the PMF for this step, is demarcated by
double daggers. Structures of the (B) initial state of the intact GR24 substrate with the catalytic
triad, (C) transition state, and (D) final state with GR24 covalently bound to S97 are shown.

endothermic by ~64 kcal/mol with a free energy barrier of ~70 kcal/mol. During the initial steered
MD and string optimization of this reaction step, biases were applied to the proton transfer and
the nucleophilic attack distance. In addition to these bonds, two additional bond rearrangements
occurred spontaneously, without applied biases: proton transfer from H247 to an oxygen on the
D-ring of GR24 and opening of the D-ring of GR24. The occurrence of this ring opening process
without the application of applied forces suggests that the free energy barrier associated with the
ring opening is insignificant compared to other reaction barriers. Fig. 5 shows distances between

key bonds that form and break for each string image for this step. These distances show that
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formation of the S97-GR24 bond coincides with transfer of a proton between S97. The opening of
the D-ring also coincides with a transfer of the same proton from the H247 to an oxygen on the open
D-ring. In a study of strigolactone analogs, carba-SL compounds with modified butenolide rings
that prevent separation of the D-ring from the ABC-rings were tested as strigolactone antagonists.
A crystal structure of D14 in complex with one such compound found the unhyrolyzed compound
with an open-form D-ring covalently bound to S9726. This crystollographic evidence is consistent
with our finding that the D-ring can open upon nucleophilic attack by the serine prior to separation

of the D-ring from the ABC rings.

ABC separation leads to modification of S97 with D-ring

After the S97 residue forms a bond with the C5’ carbon on the D-ring, the enol-ether bridge of
GR24 is severed. This occurs via conversion of the hydroxyl group on the C12 carbon to a carbonyl
and a coupled proton transfer (Fig. 6). This step is ~11 kcal/mol endothermic with a barrier of
~20 kcal/mol. The resulting intermediate species is an open D-ring on S97 (Open D-S97), which is
hypothesized to be the precursor to a covalently linked intermediate (CLIM) molecule proposed by
Yao et al*. While our simulations were of insufficient length to capture the ABC rings unbinding,
the ABC rings could, in principle, unbind from the enzyme active site at this stage since it is not

covalently bound any of the catalytic triad residues or the D-ring.

Multiple possible modes of covalent modification to H247 Previous studies have suggested
that covalent modification to H247 of the catalytic triad acts as a promoter of signaling activity.
However, there is disagreement over whether this modification is the CLIM, which is an open D-ring
linked to both S97 and H247, or a closed D-ring attached only to H247 (D-ring-H247). To evaluate
these possibilities, we ran string optimizations from Open D-S97 to CLIM to D-ring-H247 as well
as Open D-S97 to D-ring-H247. We find that both CLIM and D-ring-H247 can be formed upon

nucleophilic attack of H247 on the carbonyl group of Open D-S97.

Fig. 7 shows the reaction to form a CLIM from Open D-S97. This involves H247 performing

a nucleophilic attack on the C2’ carbon on the open D-ring and is coupled with protonation of the
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Figure 6: Distances between atoms that form and break bonds during the ABC-ring separation
from the D-ring (A). The transition state, defined as the maximum point on the PMF for this step,
is demarcated by double daggers. Structures of the (B) initial state with GR24 covalently bound
to S97, (C) transition state, and (D) final state with an open D-ring covalently bound to S97 are
shown.

O1’ oxygen of the D-ring. In our simulations, the source of this proton was the hydroxyl group
attached to the ABC rings, however, in the absence of the ABC rings, water could act as a proton
source as well. Formation of the CLIM is a ~22 kcal/mol process with a free energy barrier of ~24
kcal/mol. The reaction mechanism proposed by Yao et al. predicts that after CLIM formation,
the O1” oxygen on the D-ring performs a nucleophilic attack on the C5’ carbon, which induces the
dissociation of the D-ring from S97. However, our string optimization of the conversion from CLIM

to D-ring-H247 suggests that the D-ring first dissociates from S97 prior to ring closure (Fig. S3).

This has an energy barrier of ~112 kcal/mol, which suggests that the CLIM is highly stable.

10
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Figure 7: Distances between atoms that form and break bonds during covalently linked interme-
diate (CLIM) formation (A). Solid lines indicate distances that were constrained during string
optimization, and dashed lines indicate bonds that changed spontaneously without applied biases.
The transition state, defined as the maximum point on the PMF for this step, is demarcated by
double daggers. Structures of the (B) initial state with the open D-ring covalently bound to S97
(Open D-897), (C) transition state, and (D) CLIM species bound to both S97 and H247 are shown.

Alternatively, we evaluated the possibility of a concerted formation of D-ring-H247 from Open
D-S97 without forming a stable CLIM intermediate. In this pathway, we observed that formation
of D-ring-H247 is a monotonically uphill process with an energy barrier of ~38 kcal/mol. Following
formation of this species, S97 can form a covalent bond with the C4’ carbon of the D-ring. The
activation barrier to forming this bond is low (~1 kcal/mol) and the resulting species is very close
in relative free energy to D-ring-H247 (<1 kcal/mol difference). Due to both this low free energy
barrier and small difference in relative free energies, these species are likely to interconvert rapidly

until S97 is protonated and thus weakened as a nucleophile. While there were no water molecules

11
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Figure 8: Distances between atoms that form and break bonds during D-ring-H247 formation from
the Open-D-S97 intermediate (A). Solid lines indicate distances that were constrained during string
optimization, and dashed lines indicate bonds that changed spontaneously without applied biases.
The transition state, defined as the maximum point on the PMF for this step, is demarcated by
double daggers. Structures of the (B) initial state with the open D-ring covalently bound to S97
(Open D-S97), (C) D-ring-H247 species observed in image 16 of the string, (D) transition state,
and (E) closed form of D-ring bound to both S97 and H247.
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near S97 in our simulation system due to the presence of the ABC rings, the binding pocket is
likely to fill with water when the ABC rings unbind, as indicated by several crystal structures of
D14 homologs showing water in the binding pocket?” 2%, This would enable S97 to be protonated,
shifting the equilibrium toward the D-ring-H247 species. Detailed analysis of this pathway indicates
that there is a transient CLIM-like species which forms (Fig. S9), however, the ring quickly closes
in a positive ~3 kcal/mol process in which the O1” oxygen of the D-ring attacks the C5’ carbon,
forming a tetrahedral intermediate. According to Baldwin’s rules for ring closure reactions®’3!,
reformation of the five-membered butenolide ring is a favored 5-exo-trig reaction. The tetrahedral
center then reconverts to a trigonal center by conversion of an oxygen to a carbonyl group, which

induces dissociation of the D-ring from S97. The remaining species is a closed butenolide ring

covalently bound to H247.

3 Discussion

Using QM /MM free energy simulations, we characterized proposed mechanisms of strigolactone hy-
drolysis. Based on the free energy barriers of the initial nucleophilic attack of S97 upon the GR24
molecule, we have determined that the reaction occurs via an acyl substitution pathway rather
than a Michael addition pathway. This is corroborated by experimental detection of intermediates
associated with the acyl substitution pathway via mass spectrometry”? and X-ray crystallography
experiments?. Additionally, strigolactone analogs have previously been developed as synthetic
agonists and antagonists for strigolactone receptors2%:32. In developing these analogs, direct crys-
tallographic evidence of S97 forming a bond with the butenolide ring has been observed?. It has
also been observed that presence of a butenolide ring enhances binding and bioactivity3?. These
suggest that the butenolide ring is a key portion of the substrate recognition and hydrolysis pro-
cesss. In contrast, some strigolactone analogs such as Yoshimulactone Green, a fluorenscent analog
commonly used to study strigolactone hydrolysis in vitro, undergoes hydrolysis despite it lacking
an enol-ether bridge®®. This further suggests that hydrolysis occurs via nucleophilic attack on the

butenolide ring rather than the enol-ether bridge.

In addition, we addressed the disagreement in the field regarding whether the covalent modifi-
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cation to the receptor that promotes receptor activation is the CLIM that is bound to both S97 and
H247 or a closed butenolide ring that is only bound to H247 (D-ring-H247). Our results indicate
that while formation of either species is possible, the free energy barrier to forming a CLIM is lower,
indicating that a stable CLIM is likely the dominant covalent modification present. However, the
D-ring-H247 modification is able to form either directly from an Open D-S97 species that forms
after D-ring separation from the ABC rings, or from a CLIM, though the high free energy barrier of
the latter suggests that it is highly improbable. Formation of the D-ring-H247 modification occurs

30,31 During this conversion, a

via a 5-exo-trig ring closure, which is favored per Baldwin’s rules
CLIM-like species is observed (Fig. S9), however, this species differs from the stable CLIM in sev-
eral key ways. The first is that the O1’ oxygen atom that performs an intramolecular nucleophilic
attack to close the D-ring is deprotonated while bonded directly to an sp3-hybridized carbon, thus
giving it a negative charge. Since negative charge is expected to enhance nucleophilic strength3?,
the O1” oxygen in this CLIM-like species is expected to have greater nucleophilic strength than
in the stable CLIM, where the O1’ oxygen is protonated. The other key difference is proximity
of the O1’ oxygen to the C5’ carbon it nucleophilically attacks to close the D-ring. From Fig. 8,
the distance between the O1’ and C5’ atoms of GR24 are ~2 A apart at the image where the
CLIM-like state is observed (image 14), whereas in the stable CLIM they are ~4 A apart. It has
been suggested that reaction rate in intramolecular reactions is highly sensitive to distance between
reactive species, with changes in distance less than 1 A sometimes leading to orders-of-magnitude
changes in reaction rates®»3%. Thus, it is likely that closer proximity of the O1’ and C5’ in the
CLIM-like species compared to the stable CLIM is a strong contributing factor to its propensity
to perform a ring closure reaction and form the D-ring-H247 species. Our simulations were also
able to capture D-ring-H247 formation from the stable CLIM, however, the reaction happens via
a different pathway than shown in Fig. 2B. Rather than a direct 5-exo-trig ring closure as seen
in the pathway from Open D-S97 to D-ring-H247, the D-ring first dissociates from S97 and forms
a covalent bond via a different carbon atom (Fig. S10), which is a precursor to a 5-endo-dig ring
closure that closes the D-ring. While this is considered to be a favorable ring closure per Baldwin’s

rules and known to form butenolide rings®®, the PMF profile for the formation of D-ring-H247
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from CLIM indicates that there is a ~90 kcal/mol barrier to forming the precursor. Thus, the
D-ring-H247 modification is more likely to occur via a concerted mechanism from the Open D-S97

species since the free energy barrier is lower, at ~38 kcal/mol.

Previous literature on the nature of the covalent modification include mass spectrometry
showing a D-ring bound to H247°, a crystal structure of a CLIM species?, reanalysis of the CLIM
structure suggesting that the electron density fits will with an intact D-ring!?, and a crystal struc-
ture showing a D-ring on the catalytic serine in KAI2, a homolog of D14 with the same catalytic
triad3”. While these all initially appear to be competing views, our simulations show that all of
these covalent modifications are likely to be present in some quantity. Both the CLIM and D-
ring-H247 modifications are able to form during substrate hydrolysis. Additionally, the pathway
to forming the D-ring-H247 contains a transient CLIM-like species, as previously discussed, and a
transient closed D-ring bound to both S97 and H247. After the D-ring dissociates from S97 while
forming the D-ring-H247 species, S97 can reattach to the D-ring while still deprotonated (Fig. S9).
In principle, any of these interconverting covalent modifications could contribute electron density
in a crystal structure, thus it is plausible that different forms of the D-ring covalent modification
on the S97 and H247 residues are detected in different crystal structures. Additionally, since the
D-ring is able to dissociate from and reassociate with S97 (Fig. S9), mass spectrometry on a pep-
tide containing H247 but not S97, as performed by de Saint Germain et al. would be expected to
show the presence of a butenolide ring. A constitutively active D218A mutant of D14 in which
the D218-H247 interaction in the catalytic triad is disrupted” suggests that modification to H247
would act as a promoter of strigolactone receptor activation. Thus, any of the present forms of the
D-ring, so long as they are covalently bound to H247, are likely to act as promoters of strigolactone

receptor activation as well.

4 Methods

System preparation The structure of AtD14 was obtained from PDB 4IH43®. The GR24 ligand
was superimposed into the binding pocket using the GR24-bound structure of OsD14 as a template
(PDB code 5DJ5)°. The complex was solvated in a TIP3P water box with a 0.15 M NaCl con-
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centration. The quantum mechanical region was defined the GR24 ligand, the catalytic triad, and
water molecules in the binding pocket and described using the BSLYP functional and 6-31G* basis
set. The molecular mechanical (MM) region was described using the CHARMMS36 force field3”.

Simulation protocol Prior to QM /MM simulation, the system was minimized using the conju-
gate gradient descent method for 10000 steps classically, followed by a 5 ns classical equilibration
to allow water molecules to equilibrate. After this classical equilibration, the system was mini-
mized using a QM /MM scheme for 1000 time steps again using conjugate gradient descent and
equilibrated for 1 ps. Production runs were run at 300 K and 1.0 bar using a Langevin thermostat
and Langevin barostat®4!. Following initial equilibration, initial reaction paths for each proposed
mechanism were generated using steered molecular dynamics simulations using bonds formed and
broken at each proposed mechanistic step as reaction coordinates. A full table of reaction coor-
dinates is shown in Table S8. Following each steered MD simulation, a 1 ps equilibration was
performed before generating the steered MD pathway for the subsequent mechanistic step. Steered
MD trajectories were used for string optimization. Classical equilibration simulations were per-
formed using NAMD 2.13*2) and QM/MM simulations were performed using the NAMD QM/MM

interface? in conjunction with TeraChem??.

String optimization For string optimization of each mechanistic step, each pathway was dis-
cretized into 20 images. Images were restrained on the same collective variables used for steered
MD. Restrained simulations were performed for each image for ~100 fs with 5 replicates per image.
Details of the simulation time for each string optimization are shown in Tables S9-10. Following
each step, the restraint centers for each image were updated as follows: (i) Drifted centers were
computed using the average values of collective variables for each center, (ii) A string connecting
all 20 images was determined using spline interpolation, (iii) New centers were chosen along the
string such that the centers were equidistant along the string. This procedure was repeated until
additional iterations produced negligible changes in the restraint centers, indicating string conver-
gence. Plots of image centers over iterations for all string optimizations are shown in Figs. S11-13.
Potentials of mean force (PMFs) were calculated from the final iteration using the multistate Ben-

nett acceptance ratio (MBAR) method as implemented in the pyMBAR package?®. Error bars were
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determined by the standard deviations of PMF's computed using five randomly selected subsets of

simulation data from the final iteration.
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7 Data and Code Availability
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