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ABSTRACT: N,N-Dimethylformamidase (DMFase) is a nonheme
iron enzyme that catalyzes the hydrolysis of N,N-dimethylformamide
(DMF) using a noncanonical Fe(III)-2Tyr-1Glu coordination motif.
The precise role that this nonconventional active site plays in catalysis
remains poorly understood. We performed an extensive computational
investigation of DMFase catalysis, combining reaction pathway analysis
with quantum mechanical cluster models, charge shift analysis, and
energy decomposition analysis to identify the mechanistic role of the
coordinating tyrosines/glutamate and second coordination sphere
residues. We compared two mechanisms initiated by the key second a
coordination sphere residues Glu657 and HisS19. While both R EE )
mechanisms generate a ferric hydroxide intermediate, the Glu657-

initiated mechanism exhibits more favorable barriers and thermodynamics. These calculations reveal distinct catalytic roles for the
second-sphere residues: Glu657 facilitates direct proton transfers, His519 and AsnS547 stabilize the rate-determining transition state,
and LysS567 stabilizes the anionic tyrosinate state of Tyr440. Mechanistic comparisons to canonical Fe(II)/Fe(Ill)-2His-1Glu
variants reveal that coordination of Fe by tyrosine residues lowers the barrier for deprotonation of a water ligand and subsequent
nucleophilic attack on DMF. Attempts to tune the active site through fluorination of coordinating tyrosinate residues yield minimal
additional benefits, indicating that the native motif has finely tuned electronic characteristics. These results demonstrate how the
2Tyr-1Glu motif and its second coordination sphere context enable hydrolytic reactivity in DMFase and suggest Glu657 and Lys567
as targets of future mutagenesis to validate their mechanistic roles.
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1. INTRODUCTION

Enzymes isolated from microbes inhabiting polluted environ-
ments have attracted attention for their ability to degrade
anthropogenic compounds such as plastics, ~° aromatic
amines,” and industrial solvents.”® While certain bioremedia-
tion enzymes have evolved novel active site configurations—
such as the fused flavodoxin—P450 XplA system involved in
the degradation of RDX explosives’—the majority utilize well-
established, canonical structural motifs."® One intriguing
exception is N,N-dimethylformamidase (DMFase), a nonheme
iron enzyme whose Fe(IIl) center is coordinated by two
tyrosinate residues and one glutamate (2Tyr—1Glu). This
unusual coordination motif enables DMFase to hydrolyze the
industrial solvent N,N-dimethylformamide (DMF)."' ™" This
configuration in DMFase deviates from the canonical 2-
histidine-1-carboxylate (2His-1Asp/Glu) motif that character-
izes the majority of nonheme iron enzymes.'*'

There are several subclasses of 2His-1Asp nonheme iron
enzymes (NHIEs), such as a-ketoglutarate-dependent dioxy-
genases,'® Rieske dioxygenases,'’ " and extradiol dioxyge-
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nases,”’ that have been extensively studied, including for their
bioremediation potential. Canonical NHIEs typically catalyze
oxidative transformations, including hydroxylation,u*25 halo-
genation,m’27 epoxidation,28 azidation,” and isonitrile for-
mation,””*" whereas DMFase catalyzes a hydrolytic reaction,
cleaving the C—N bond of DMF.” The distinctive Fe(III)-
2Tyr-1Glu coordination environment in DMFase, coupled
with purported direct substrate binding to the iron center,
suggests a catalytic mechanism fundamentally different from
that of conventional hydroxylase and halogenase NHIEs
(Figure 1). However, the electronic effects of this noncanonical
first-sphere coordination and its role in direct substrate binding
are challenging to characterize through experimental meth-

Received: May 16, 2025
Revised:  June 23, 2025
Accepted: June 27, 2025

https://doi.org/10.1021/acscatal.5c03335
ACS Catal. 2025, 15, 12822—-12834


https://pubs.acs.org/action/doSearch?field1=Contrib&text1="David+W.+Kastner"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Clorice+R.+Reinhardt"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Husain+Adamji"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Terence+S.+Oscar-Okpala"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Ilia+Kevlishvili"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Yuriy+Roma%CC%81n-Leshkov"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Yuriy+Roma%CC%81n-Leshkov"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Heather+J.+Kulik"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/showCitFormats?doi=10.1021/acscatal.5c03335&ref=pdf
https://pubs.acs.org/doi/10.1021/acscatal.5c03335?ref=pdf
https://pubs.acs.org/doi/10.1021/acscatal.5c03335?goto=articleMetrics&ref=pdf
https://pubs.acs.org/doi/10.1021/acscatal.5c03335?goto=recommendations&?ref=pdf
https://pubs.acs.org/doi/10.1021/acscatal.5c03335?goto=supporting-info&ref=pdf
https://pubs.acs.org/doi/10.1021/acscatal.5c03335?fig=tgr1&ref=pdf
pubs.acs.org/acscatalysis?ref=pdf
https://pubs.acs.org?ref=pdf
https://pubs.acs.org?ref=pdf
https://doi.org/10.1021/acscatal.5c03335?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://pubs.acs.org/acscatalysis?ref=pdf
https://pubs.acs.org/acscatalysis?ref=pdf

ACS Catalysis pubs.acs.org/acscatalysis Research Article

= N 4 '\,
i ;f/?
o

Y399
Y440\ H255

taurine ‘
-

H204 &

Figure 1. Comparison of the DMFase coordinating residues and substrate position to that of a nonheme iron hydroxylase and halogenase. (left)
DMFase active site (PDB: 6LVV) with modeled DMF. (middle) Active site of the hydroxylase TauD (PDB: 1GY9). (right) Active site of
halogenase BesD (PDB: 6NIE). Atoms are colored as follows: carbon, gray; nitrogen, blue; oxygen, red; sulfur, yellow; chlorine, green; hydrogen,
white; and iron, dark orange. Coordinating bonds are shown as purple dashed lines.

ods.>® To address these limitations, computational methods
such as quantum mechanical (QM) calculations® and
molecular dynamics (MD) simulations® or coupled QM/
MM simulations® have emerged as powerful tools,”” "'
providing atomic-level insight into active-site reactivity.
Computational approaches have proven valuable for examining
unusual metal coordination geometries of nonheme iron
enzymes (e.g, SyrB2**° and CDO*™*), elucidating subtle
electronic effects arising from ligand identity’® and substrate
positioning.” ~>” These methods have also guided the rational
engineering of a number of bioremediation enzymes*>*” (e.g.,
DhaA,®° LinB,*' FAcD,** and PTE®®).

While there are no comprehensive computational studies on
the full mechanism of DMFase, structural and mutagenesis
studies have begun to illuminate the unusual active site of
DMFase. Specifically, X-ray crystallography and cryogenic
electron microscopy have detailed the unique 2Tyr-1Glu iron
coordination of DMFase.'”** Second coordination sphere
residues His519 and Asn547 have been shown to be essential
for catalytic activity through site-directed mutagenesis
studies."” However, despite these structural insights, the
detailed catalytic mechanism of DMFase, particularly the C—
N bond cleavage step, remains poorly understood.”® A
mechanism previously suggested based on static crystal
structures proposed DMF substrate coordination to Fe(III),
followed by nucleophilic attack from an unbound water
molecule, with His519 serving as a general base and supported
by Asn547."% Preliminary computational studies investigated
active-site strain and gas-phase nonenzymatic reaction
energetics,”” but a comprehensive computational examination
of the full catalytic cycle of DMFase has not been carried out.

To bridge these gaps in understanding, we conducted
detailed QM modeling investigations of the Fe(III)-2Tyr-1Glu
active site in DMFase, specifically exploring two distinct
catalytic mechanisms initiated by either Glu657 or His519 and
contrasting them with the nonenzymatic hydrolysis of DMF in
water. We also examined the contributions of the second
coordination sphere residues His519, Asn547, and Lys567 to
the stabilization of key transition states. To further elucidate
the role of Tyr residues in catalytic action, we contrasted
reaction coordinates evaluated with Fe(Il) or Fe(III) 2His-
1Glu active sites as well as those in which the Tyr residues are
fluorinated. These findings provide atomic-level insight into
how contributions from the first- and second-coordination-
sphere residues enable DMFase reactivity, offering a blueprint
for developing engineered NHIEs with hydrolytic function
using the unique 2Tyr-1Glu motif.

41—44
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2. COMPUTATIONAL DETAILS

2.1. QM Cluster Model Preparation. To investigate the
reactivity of DMFase, we constructed multiple QM cluster
models based on chain A of the S-subunit from the crystal
structure (PDB: 6LVV)."? The Glu657-initiated and His519-
initiated mechanisms were modeled by using a 174-atom QM
cluster with a net charge of 0. This model included the Fe(III)
center, DMF, the coordinating water molecule, the primary
coordination sphere residues Tyr399, Tyr440, and Glu521, as
well as the second coordination sphere residues His519,
TyrS522, AsnS47, LysS67, and Glu657 (Supporting Information
Table S1). Protonation states for HisS19 and Glu657 were
assigned using H++ at pH 7.0 (& = 10). This returned His519
in the neutral N§l-protonated tautomer (HID), which was
used for all subsequent calculations (Supporting Information
Table S2). DMF was placed in the open coordination site,
using the same coordinates as the MD simulations, with the
carbonyl oxygen of DMF coordinating iron, leaving the bound
water in its original coordination site. All residues were
included with their full backbones and side chains, and
backbone atoms were fixed in space during geometry
optimizations to preserve the crystallographic geometry of
the protein fold. The selection of second coordination sphere
residues was guided by charge shift analysis (CSA)**® to
identify residues that undergo significant charge redistribution
upon removal of the core active site (Supporting Information
Texts S1—S3). CSA calculations were performed on QM/MM
single-point calculations using representative structures clus-
tered from six independent 250 ns MD simulations, each for
the holoenzyme and apoenzyme (totaling 3 us, Supporting
Information Text S1). We used only the ferric, Fe(III),
oxidation state for MD parametrization, consistent with
experimental paramagnetic resonance data indicating an
Fe(Ill) resting state.'” The possibility of redox activity was
not modeled and remains a limitation. Residues exhibiting a
charge shift (Agggs > 10.05 el) were incorporated into the QM
model (Supporting Information Text S3). In the Glu657-
initiated and His519-initiated mechanisms, iron was modeled
in the +3 oxidation state, consistent with experimental
paramagnetic resonance data.'****” Localized orbital bond
analysis (LOBA),”” as implemented in Multiwfn,”" confirmed
the Fe(Ill) oxidation state remained unchanged throughout
the reaction mechanism. The QM cluster models were
evaluated in both the high-spin sextet multiplicity (25 + 1 =
6) and the low-spin doublet multiplicity (2§ + 1 = 2)
(Supporting Information Figure S1). Additional QM cluster
models were constructed to probe active site modifications.
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These models were built using the original cluster model,
retaining the same initial second sphere residues but also
including: a histidine-substituted variant of the active site
(replacing Tyr399 and Tyr440 with histidines), and a 3,5-
difluorotyrosinate-substituted variant. In addition, two reduced
models were constructed: a minimal model isolating the
Lys567—Tyr440 cation—z interaction, and a nonenzymatic
model containing only DMF and five explicit water molecules
(Supporting Information Table S1 and Figure S2). In addition
to the minimal model isolating the Lys567—Tyr440 cation—z
interaction, a more complete model containing Tyr399,
Tyr440, His519, Glu521, Asn547, LysS567, and Glu657 was
also constructed. To investigate the potential stabilization of
Tyr399 by Trp473, this large, iron-free model was further
modified to include Trp473. The histidine-substituted model
was generated by aligning the DMFase active site with that of
TauD (PDB: 1087),°® after which the introduced histidines
were geometry-optimized at the QM level (see Section 2.2)
with backbone atoms restrained.

2.2. Quantum Mechanical Calculations and Analysis.
All QM calculations were performed using ORCA version
5.0.3.7 Geometry optimizations were carried out at the
B3LYP-D3/LACVP* level of theory, which corresponds to the
LANL2DZ effective core potential applied to iron and 6-31G*
applied to the other atoms.”””’> Empirical dispersion
corrections were included using the DFT-D3 semiempirical
correction’® with Becke—Johnson damping.”” Gibbs free
energy corrections were applied to all optimized intermediates
and transition states, computed at 298.15 K. Frequency
calculations were carried out to confirm that intermediates
exhibited no imaginary frequencies and that transition states
contained a single imaginary frequency corresponding to the
expected reaction coordinate. All QM calculations were
performed in implicit solvent using the conductor-like
polarizable continuum model (C-PCM) with a dielectric
constant (¢) of 10, chosen to approximate the electrostatic
environment of the protein active site.”””” The solute cavity
was constructed using 1.2 X Bondi radii for all elements, as
implemented in ORCA.”” For the nonenzymatic reaction
calculations, a dielectric constant of € = 80 was used to
approximate an aqueous environment.”” Reaction pathways
were determined using climbing image nudged elastic band
(CI-NEB) calculations starting from an interpolated path
between geometry-optimized intermediates. The intermediates
used as end states for these NEB calculations were first
identified based on chemical intuition of the multistep reaction
and subsequently confirmed as stable minima through
unconstrained geometry optimizations. All CI-NEB calcula-
tions used a minimum of 48 images, although specific steps,
where noted, used as many as 72 images to resolve the reaction
coordinate. The default spring constants were applied. The
maximum-energy structures from NEB calculations were then
refined using partitioned rational function optimization (P-
RFO)80 to locate transition states. Single-point energy
calculations were performed for all optimized intermediates
and transition states using the B3LYP/def2-TZVPP and
B3LYP/def2-QZVPP basis sets. The resulting energies were
extrapolated to the complete basis set (CBS) limit using a two-
point extrapolation formula.*"** To assess functional sensi-
tivity, single-point energy calculations were also conducted at
the PBE/LACVP*,** PBE0O/LACVP***®* and wB97X/
LACVP** levels of theory for all intermediates and transition
states (Supporting Information Tables S8 and S11).

Electronic structure analysis was performed using quantum
theory of atoms in molecules (QTAIM) to identify bond
critical points (BCPs)®’ and quantify hydrogen bonding
interactions based on the potential energy density of the
closest BCP.**~"° The bond valence of coordinating
interactions was computed using Multiwfn.”' To further
decompose the electronic contributions governing reactivity,
absolutely localized molecular orbital (ALMO) energy
decomposition analysis (EDA)”" was conducted in Q-Chem
version 6.0 for all optimized intermediates and transition
states. Complementary occupied—virtual pair (COVP) analysis
was employed to interpret the charge-transfer component of
ALMO-EDA in terms of fragment-localized donor—acceptor
orbital interactions and was also performed in Q-Chem. NEB
calculations were performed for the first five steps of the
reaction mechanism for these models to capture the rate-
determining step. In the case of the QM cluster model with
substituted coordinating histidines, the reaction was modeled
separately with either an Fe(II) or Fe(III) oxidation state, as
Fe(II) is the resting state commonly observed in 2His-1-
carboxylate nonheme iron enzymes, whereas Fe(III) is more
consgiastent with observations on the native DMFase active
site.

3. RESULTS AND DISCUSSION

3.1. Evaluation of Reaction Mechanisms. To investigate
the mechanistic role of the nonheme iron 2Tyr-1Glu motif of
DMFase and its second coordination sphere residues in the
hydrolysis of dimethylformamide (DMF), we first evaluated
the nonenzymatic hydrolysis of DMF under aqueous
conditions. We refer to this as mechanism one and use the
superscript 1 to distinguish this mechanism (e.g,, 'TS, is the
second TS in this mechanism and 'IM; is the third
intermediate, where the subscript refers to the number of the
step in the reaction coordinate). This allowed us to determine
the upper bound of the energetics for DMF hydrolysis in an
enzyme. To model the nonenzymatic reaction, we included a
network of five explicit water molecules in addition to an
implicit solvent environment around these waters. We created
a water cluster around DMF in the reactant state ('R), and we
selected a total of five waters because we believed it was a
sufficient number of waters to stabilize a hydroxide through a
series of proton transfers, as suggested experimentally (Figure
2 and Supporting Information Figures S7—59).”%%° All
reported free energies (AG) are referenced to this initial
reactant state, unless specified otherwise. The reaction is
initiated with a concerted step in which proton transfers
between water molecules lead to the protonation of the amine
of DMF and generate the reactive hydroxide. The reactive
hydroxide attacks the carbonyl carbon with a '"TS; barrier of
AG* = 32.0 kecal/mol (Figure 2 and Supporting Information
Tables S5, S6). This high barrier represents the rate-
determining step and is consistent with the lack of spontaneous
hydrolysis of DMF in water. Nucleophilic attack by the
hydroxide triggers spontaneous cleavage of the C—N bond,
producing dimethylamine and formic acid, with a computed
free energy of AG = 9.9 kcal/mol for 'IM, (Figure 2). The
products are then generated with a AG* of 13.4 kcal/mol
relative to the reactants after a final proton transfer between
formic acid and dimethylamine to produce the formate and
dimethylammonium products ('P) at AG = —6.5 kcal/mol
relative to the reactant state (Figure 2 and Supporting
Information Figure S10). The high barriers observed in these
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Figure 2. Reaction energy profile of the nonenzymatic hydrolysis of
DMF calculated at the B3LYP/6-31G* level of theory. Structures of
the intermediates are shown with skeleton structures. Free energies
and electronic energies (in parentheses) are shown above the energy
profile, while labels for the intermediates and transition states are
shown below the energy profile. Only intermediates with an adjacent
transition state confirmed by vibrational analysis are shown.
Intermediates and transition states are labeled with a superscript 1
(e.g, 'R, 'TS;, 'IM,) to denote that the calculations were performed
in the absence of an enzyme.

calculations align with experimental results showing that DMF
is effectively inert in water unless a base such as hydroxide is
present.%’%

Having confirmed the high 'R—'IM, barrier of aqueous
hydrolysis, we next investigated how the enzymatic reaction
catalyzes the generation of the reactive hydroxide and how the
enzyme positions proton donors and acceptors to facilitate the
subsequent proton transfer required to trigger C—N bond
cleavage. Experimental studies have suggested that multiple
second-sphere residues are catalytically essential (HisS19,
Asn$47, and Glu657) and could be capable of fulfilling these
roles."” Given that both His519 and Glu657 can catalyze the
formation of the catalytic ferric hydroxide and facilitate proton

transfers, we explored both mechanisms, which we will refer to
as the Glu657-initiated and His519-initiated mechanisms. In
the crystal structure, the Glu657 carboxylate is 3.0 A from the
coordinating water, whereas the hydrogen bond acceptor
nitrogen of HisS519 is 5.3 A away (Supporting Information
Figure S11). Classical MD simulations further show that
Glu6S7 is consistently closer to DMF than HisS19, with an
average distance to the DMF nitrogen of 6.0 and 7.4 A,
respectively, suggesting that Glu657 is better positioned to
facilitate subsequent proton transfers (Supporting Information
Figure S12). Moreover, previous molecular dynamics simu-
lations found that a doubly protonated His519 forms a stable
salt bridge with Glu657, which could hinder its ability to
deprotonate water. We thus modeled His519 in the neutral
Nol-protonated tautomer consistent with the H++-predicted
protonation state (Supporting Information Table S1). The
iron center was modeled as Fe(IlI) throughout the reaction,
consistent with paramagnetic resonance data for native
DMFase."” The possibility of redox activity involving more
complex mechanisms or an exterior electron source was not
modeled and remains a potential avenue for future study.
Thus, we first investigated the Glu657-initiated mechanism
(Figure 3). In the reactant state of the Glu657-initiated
mechanism (?R), water coordinates the iron metal site with
two hydrogen bonds to Glu657. The reaction begins with a
proton transfer from water to Glu657 (*TS,), generating the
IM, hydroxide at AG = 1.1 kcal/mol relative to the reactant
state (Figure 4 and Supporting Information Figure S13, Tables
$7—59). As the pK, of an average glutamate side chain is 4.5—
5.0, it can be an effective base at pH 7 and can plausibly act as
a proton acceptor.”””® To confirm the role of Glu657 as a
proton acceptor, we calculated its pK, to be 7.0 in the absence
of DMF and 7.3 in its presence (Supporting Information Text
SS and Table S10). The calculated pK, values are within the
expected range necessary to deprotonate iron-bound water.
The ferric hydroxide then hydroxylates the DMF carbonyl
carbon (®TS,) with a AG* value of 14.2 kcal/mol relative to
the reactants, generating “IM, (AG = 12.7 kcal/mol). The
protonated Glu657 then undergoes a conformational change to
form a second hydrogen bond with the amine of the hydrated
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Figure 3. Reaction schematic of the Glu657-initiated mechanism with skeleton structures depicting the following steps: (1) deprotonation of the
coordinating water; (2) attack of the iron coordinating hydroxide at the carbonyl carbon of DMF; (3) conformational change of Glu657 to form a
hydrogen bond with the amine of the hydrated DMF; (4) a proton transfer to the amine of the hydrated DMF; (S) deprotonation of the hydroxyl
of the hydrated DMF; (6) cleavage of the C—N bond; (7) formation of a hydrogen bond between Asn547 and dimethylamine; (8) formation of a
second hydrogen bond between dimethylamine and Glu657. Shorthand labels for each intermediate are indicated below the structures in blue.
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Figure 4. Reaction energy profile for the Glu657-initiated mechanism calculated at the B3LYP/LACVP* level of theory. Free energies and
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) is labeled on the free energy profile. Only intermediates with an adjacent transition state with a higher free

energy are shown. Intermediates and transition states are labeled with a superscript 2 (e.g,, *R, *TS,, ’IM,) to denote that the calculations were

performed for the Glu657-initiated mechanism.

DMF (*IM,), corresponding to the rate-determining energetic
span (AGiSPan = 16.0 kcal/mol) relative to the reactants
(Figure 4). This is followed by spontaneous proton transfers
from Glu657 to the amine of DMF (*IM,) and then from the
DMEF hydroxyl to Glu657 to form *IM; at AG = 4.0 kcal/mol
(Figure 4). These proton transfers trigger C—N bond cleavage
and the formation of dimethylamine and formate (*IMy) with
AG = —14 kcal/mol (Figure 4). The dimethylamine then
dissociates to form a hydrogen bond with Asn547 (*IM,) at
AG = —5.7 kcal/mol. Finally, the protonated Glu657 transfers
a proton to dimethylamine to create the dimethylammonium
product (*P) at AG = —6.9 kcal/mol relative to the reactant
state (Figure 4 and Supporting Information Movie 1). The
energetic span of 16.0 kcal/mol was determined using the
energetic span model with the reactant state (*R) as the
turnover frequency (TOF)-determining transition state
(Supporting Information Text S4). This span corresponds to
a calculated TOF of 11.6 s7}, which is in agreement with the
experimental turnover number (k. = 218 s7!),"* as they fall
within the same order of magnitude. The experimental rate
corresponds to an effective activation free energy of ~14.3
kcal/mol, a difference of only 1.7 kcal/mol, and within
expected DFT error. Thus, the good agreement of the
computational free energy barrier for the Glu657-initiated
mechanism with the experimental activation free energy
supports Glu657 as a potential base for generating the reactive
hydroxide.” To validate the use of the sextet spin state for the
mechanism, we also compared it to the intermediate-spin
quartet and low-spin doublet states. The potential energy
surface for this Glu657-initiated mechanism was calculated for
all three spin states, confirming the sextet as the ground state
across all intermediates and transition states (Supporting
Information Figure S1). The sextet state was lower in energy
than the quartet state by at least 11.7 kcal/mol and lower in
energy than the doublet by at least 24.2 kcal/mol at every
point along the reaction coordinate. Given this significant
energetic separation, all subsequent enzymatic calculations
were also performed using this lowest-energy sextet state.

We next investigated the reaction energetics for the
alternative His519-initiated mechanism. In the reactant state
(®R), the iron-coordinating water forms hydrogen bonds to
HisS19 and Glu657 (Supporting Information Figure S14). If
the water directly attacks the carbonyl carbon of DMF as in a
previously proposed His519-initiated mechanism,"* we obtain

a prohibitively high energetic barrier of AG* = 37.2 kcal/mol,
effectively ruling this mechanism out as catalytically relevant
(Supporting Information Figures S15 and S16). Thus, we
investigated alternate reaction paths that generate a reactive
hydroxide (Supporting Information Figures S14 and S17). In
our proposed mechanism, the reaction is initiated with a
proton transfer from the coordinating water to His519,
generating the *IM, ferric hydroxide intermediate at AG =
2.7 kcal/mol relative to the reactant state (*R) (Supporting
Information Figure S18 and Tables S11—S13). Given that the
pK, of a histidine side chain is around 6.0, His519 is also
expected to readily accept a proton from the coordinating
water at pH 7.”””® The protonated histidine then undergoes a
conformational change to form a salt bridge with Glu657
(*IM,). The hydroxide is then free to hydroxylate the carbonyl
carbon of DMF with a AG* of 14.2 kcal/mol for >TS, relative
to the reactants and forms 3IM; at AG = 11.2 kcal/mol. The
amine of DMF then undergoes pyramidal inversion (*IM,)
together with the spontaneous formation of a HisS19—Asn547
hydrogen bond (*IMj). A proton is then transferred between
Glu657 and hydroxylated DMF to form *IMg at AG = 13.2
kcal/mol. Glu657 then undergoes a conformational change
and transfers the proton to the DMF amine with a AGiSpan of
22.9 kcal/mol corresponding to the rate-determining energetic
span, forming *IM, at AG = 10.7 kcal/mol (Supporting
Information Figure S18). In the HisS19-initiated mechanism,
this conformational change is less favorable, with a rate-
determining energetic span of 22.9 kcal/mol compared to 16.0
kcal/mol in the Glu6S7-initiated pathway, likely due to
restricted Glu657 mobility caused by its proximity to the
protonated His519. Next, protonation of the DMF amine
triggers C—N bond cleavage to form 3IM, at a AG of 9.4 kcal/
mol. Finally, hydrogen bonds form between dimethylamine
and Glu657 and AsnS547 to generate the product state (°P) at a
AG of 5.2 kcal/mol. Both the Glu657-initiated and His519-
initiated mechanisms exhibit significantly lower barriers than
the nonenzymatic reaction (Supporting Information Movie 2).
While our results indicate that both Glu657 and His519 can
generate the reactive hydroxide, the Glu657-initiated pathway
proceeds with a lower overall energetic span (16.0 kcal/mol)
compared with the His$19-initiated mechanism (22.9 kcal/
mol), which has a calculated TOF of 1.02 X 107* s,

3.2. Mechanistic Roles of Second-Sphere Residues.
While experimental mutagenesis has indicated that residues in
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the second coordination sphere of DMFase are essential for
catalysis,"* the mechanism by which these residues influence
the reaction remains unknown. We included His519, Tyr522,
Asn547, and Glu657 in our QM cluster models based on the
CSA method®® and previous experimental mutagenesis
studies of AsnS47 and HisS19 (Supporting Information Text
S3 and Figure S6)."* We also included Lys367 as it is highly
conserved across similar enzymes and likely forms a cation—z
interaction with coordinating Tyr440.” Although Lys567 was
below our CSA threshold, it exhibited the sixth-highest positive
charge shift and would likely be identified using a
complementary method such as Fukui shift analysis (FSA),
which evaluates how specific residues perturb the frontier
molecular orbitals.”® Although we did not perform further
analysis for Tyr522, its inclusion was necessary to preserve the
native conformation of Lys567 and support the structural
context of the cation—7 interaction. Among the coordination
sphere residues His519, Asn547, Lys567, and Glu657, we first
focused on Glu657 as our reaction path analysis identified it as
essential for initiating the reaction. To further investigate the
role of Glu657 in the reaction, we quantified the strength of
the hydrogen bonding interactions using QTAIM (Section 2).
In the reactant state (*R), the strongest hydrogen bond was
observed between Glu657 and the coordinating water, while in
the hydroxide-bound state (*IM,), the strongest hydrogen
bond is between protonated (i.e., neutral) Glu657 and the
ferric hydroxide. The stabilization was —26.5 kcal/mol in *R
and —16.5 kcal/mol in *IM; (Figure S and Supporting
Information Figure S19). While estimating hydrogen bond
strength from the electron density is known to overestimate
the interaction energy,'”” these high hydrogen bond strengths
for charge-assisted hydrogen bonds indicate that the
orientation of Glu657 observed in the crystal structure

Figure 5. Quantification of the hydrogen bond strengths (kcal/mol)
in the reactant state (*R) of the Glu657-initiated mechanism using
QTAIM. Hydrogen bond strengths are labeled in black in kcal/mol,
and amino acids are labeled in gray. Atoms are colored as follows:
carbon in gray, nitrogen in blue, oxygen in red, hydrogen in white, and
iron in dark orange. Coordinating bonds are shown as purple dashed
lines and hydrogen bonds are shown in yellow dashed lines. Backbone
atoms and hydrogens are omitted for clarity except where necessary to
illustrate protonation states.

corresponds to a strong interaction with water and that
Glu657 is positioned to generate the ferric hydroxide (Figure
S).

We next investigated the roles of His519 and Asn547, which
are not directly involved in the most likely Glu657-initiated
reaction mechanism but form noncovalent interactions with
the active site. While the noncovalent interactions of Glu657
are predominantly strong hydrogen bonds to the metal-bound
water, His519 and Asn547 maintain a single hydrogen bond
with each other throughout the reaction cycle, with a
stabilization computed to be —6.5 kcal/mol in *R (Figure 5).
To gain a more complete understanding of the energetic
contributions of His519 and Asn547 beyond hydrogen
bonding, we quantified the energetic contribution for each
residue across the reaction pathway using ALMO-EDA
(Section 2). ALMO-EDA shows that His519 provides
favorable energetic stabilization along the reaction pathway
as its associated Pauli-repulsion term generally decreases from
one intermediate or transition state to the next (Figure 6). To
further explore the role of His519, we visualized the
complementary occupied-virtual pairs (COVP), which identify
the His519—Asn547 hydrogen bond as the dominant
interaction with an energy of —9.9 kcal/mol (Figure 6). We
performed similar analyses for Asn$47 and found that Asn547
stabilizes the highest-energy transition state (*TS;) in two
ways. The Pauli-repulsion term is lower in this TS than in the
immediately preceding intermediate (*IM,), and its electro-
static, dispersion, and charge transfer contributions are more
favorable than those in ?IM;, the point where the energy
profile begins to climb toward the highest-energy point (*TS,,
Supporting Information Figure $20). We also observed
favorable repulsion energetics, stabilizing *TS; relative to *IM,.

While His519 and AsnS47 contribute to transition state
stabilization, we also investigated the conserved residue,
Lys567, which forms a cation—z interaction with residue
Tyr440,""! to assess whether it similarly modulates reactivity.
To investigate the potential cation—7 interaction, we first
calculated the energy difference between the Lys567—Tyr440
complex and the sum of the isolated LysS567 and Tyr440
fragments. This computed interaction energy of —16.3 kcal/
mol is consistent with a moderately strong cation—x
interaction (Supporting Information Figure S21). To quantify
the specific energetic contributions of this interaction along the
catalytic pathway and its effect on reactivity, we performed an
ALMO-EDA analysis of Lys567 across all intermediates and
transition states, as this method enables decomposition of
residue-specific energetic contributions, unlike local electron
density-based approaches such as QTAIM. Although we did
not observe a significant decrease in the rate-determining
transition state from any single energy component, the
electrostatic term was the most stabilizing across the entire
reaction path, ranging from —17.5 to —19.5 kcal/mol,
consistent with expectations for an electrostatic driving force
for cation—z interactions (Supporting Information Figure
$22). These results suggest that the conserved LysS67 residue
and its cation—7 interaction with Tyr440 modulate the active
site electrostatics similarly across all steps.

Given the importance of the tyrosinate state of the
coordinating Tyr399 and Tyr440 residues in binding iron,
we investigated whether the cation—z interaction could
stabilize the anionic state. To isolate the effect of the cation—x
interaction on Tyr440 deprotonation, we constructed a smaller
QM cluster model without iron containing Tyr440, Glu521,
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Figure 6. ALMO-EDA energy-decomposition components for HisS19
for the Glu657-catalyzed reaction. (top) Energy decomposition for all
intermediates and transition states broken into electrostatics (orange),
dispersion (blue), charge transfer (purple), repulsion (red), and
polarization (green). (bottom) Visualization of the complementary
occupied-virtual pairs (COVP) for the stabilizing interaction between
His519 and the rest of the QM cluster model. The isosurface values
were set to +0.03 (blue) and —0.03 (red) for the COVPs. The
energetic strength of the depicted COVP is labeled in kcal/mol.
Residues are labeled in gray. Atoms are colored as follows: carbon in
gray, nitrogen in blue, oxygen in red, hydrogen in white, and iron in
dark orange. Coordinating bonds are shown as purple dashed lines.
Backbone atoms and hydrogens are omitted for clarity except where
necessary to illustrate protonation states.

Lys567, and Tyr522, with the latter included to preserve the
native conformation of LysS567 given our previous results
showing that Tyr522 forms strong hydrogen bonds with both
Tyr440 and LysS567 with strengths of —18.5 and —10.9 kcal/
mol, respectively (Figure 5). When the cation—7 interaction
was included, we found that the deprotonation of Tyr440 by
Glu521 was practically barrierless (AE* = 0.2 kcal/mol) and
the anionic state to be —4.5 kcal/mol more stable than the
neutral tyrosine (Supporting Information Figure $23).
However, when Lys567 was not included, we found the
tyrosinate to be 7.8 kcal/mol less stable than the reactants with
no local minimum on the electronic energy surface
(Supporting Information Figure S24). To confirm this key
stabilizing role in a more complete model, we repeated the
deprotonation calculations using the full QM cluster active site,
omitting the iron center to represent the precoordination state.
These calculations are in good agreement with our findings
from the minimal model, as the deprotonation of Tyr440
remains barrierless with Lys567 present but becomes energeti-

cally unfavorable with an electronic energy barrier of 3.9 kcal/
mol in its absence (Supporting Information Figure S25 and
S26). Motivated by this finding, we also investigated whether
the nearby Trp473 plays a similar role in stabilizing the
deprotonation of equatorial Tyr399 through the interaction of
the Trp473 pyrrole-NH with the z-system of Tyr399. In
contrast to the Lys567—Tyr440 interaction, Trp473 provides
only a modest stabilization to the deprotonation of Tyr399 by
Glu657, lowering the barrier by just 0.6 kcal/mol from 7.4 to
6.8 kcal/mol (Supporting Information Figures S27 and S28).
This minor effect, when compared to the critical role of
Lys567, suggests that Trp473 is not essential for promoting the
tyrosinate state of Tyr399 but rather contributes to the general
stability of the active site architecture.

Given that the cation—7 interaction stabilizes the negative
charge on Tyr440, we investigated whether this could influence
the coordinating Fe(III)—Tyr440 bond length by calculating
the bond lengths for all of the coordinating bonds over the
course of the full reaction. We observed that the Fe(III)—
Tyr440 bond length was moderately shorter than the Fe(III)—
Tyr399 bond length across the entirety of the mechanism, with
average bond lengths of 1.88 and 1.95 A, respectively
(Supporting Information Figure S29). To better understand
this difference in bond length, we performed geometry
optimizations on all intermediates with Lys567 removed
from the model. Upon removal of LysS67, the Fe(IIl)—
Tyr440 bond length shortened across all intermediates in the
catalytic cycle, with an average bond length of 1.92 A
(Supporting Information Figure S30). While these calculations
confirm that the cation—z interaction with Lys567 elongates
the Fe(1II)—Tyr440 bond, the axial Tyr440 bond remains 0.03
A longer on average than the equatorial Tyr399 bond in the
absence of Lys567. These findings suggest that the observed
difference in the Fe—tyrosinate bond lengths arises from a
combination of the stabilizing cation—7 interaction and a trans
effect inherent to the axial coordination position.

Together, these results highlight distinct roles for second
coordination sphere residues in DMFase catalysis. Glu657
directly facilitates the reaction by acting as a proton acceptor
and donor through a series of hydrogen bonding interactions
with the metal-bound water and DMF. In contrast, His519 and
Asn547 contribute indirectly by stabilizing the highest-energy
transition state and modulating repulsive interactions along the
reaction pathway. Meanwhile, Lys567 plays a structural role by
stabilizing the anionic form of Tyr440 through the cation—n
interaction structurally mediated by Tyr522, thereby promot-
ing the initial Fe(III) coordination. Based on these findings, we
propose Glu657 and Lys567 as targets for mutagenesis to
confirm their mechanistic roles in DMFase catalysis.

3.3. Role of the 2Tyr-1Glu Motif in Reactivity. To
determine whether the unusual 2Tyr-1Glu motif provides
catalytic advantages over the more common 2His-1Glu system,
we substituted Tyr399 and Tyr440 with histidines and
evaluated the resulting reactivity. To directly compare these
coordination environments, we examined the first five steps of
the Glu6S7-initiated pathway, which include the highest-
energy transition state. Specifically, we compared the native
Fe(IlI)-2Tyr-1Glu active site to two histidine-substituted
variants: an Fe(II)-2His-1Glu system representing the more
common NHIE oxidation state and an Fe(IIl)-2His-1Glu
system to isolate the effect of oxidation state on reactivity
(Supporting Information Table S1 and Figure S2). Given that
the oxidation state of iron in the mutant 2His-1Glu-
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Figure 7. (left) Reaction energy diagram of the Glu657-initiated mechanism comparing the Fe(II)-2His-1Glu active site (green), the Fe(III)-2His-
1Glu active site (red), and the native Fe(III)-2Tyr-1Glu active site (blue), including the rate-determining step. Energies were calculated at the
B3LYP/LACVP* level of theory. Energies are reported in kcal/mol above each intermediate or transition state, with free energies (AG) indicated
above and electronic energies (AE) indicated below in parentheses. Intermediates and transition states are labeled with a superscript 2 (e.g, *R,
>TS,, 2IM,) to denote that the calculations were performed for the Glu657-initiated mechanism. (right) Geometry of the highest-energy transition
state for the Fe(III)-2His-1Glu active site, with residues labeled in gray. Atoms are colored as follows: carbon in gray, nitrogen in blue, oxygen in
red, hydrogen in white, and iron in dark orange. Coordinating bonds are shown as purple dashed lines, and hydrogen bonds are shown as yellow
dashed lines. Amino acids are labeled in gray. Backbone atoms and hydrogens are omitted for clarity except where necessary to illustrate

protonation states.

coordinated DMFase has not been established experimentally,
unlike the Fe(III)-2Tyr-1Glu system, we examined both Fe(II)
and Fe(IIl) to isolate the effect of oxidation state from
coordinating residue identity. For the reaction calculated using
the Fe(II) 2His-1Glu system, the highest-energy transition
state (*TS;) has a AE* of 22.3 kcal/mol relative to the
reactants (Supporting Information Figure S31). Full character-
ization of the transition states reveals a rate-determining
energetic span of AG* of 23.3 kcal/mol for *TS, relative to the
reactants (Figure 7 and Supporting Information Tables S14
and S15). Thus, replacing Tyr399 and Tyr440 with histidine
residues in the presence of the more common Fe(II) yields a
rate-determining energetic span ( AGispan = 23.3 kcal/mol) that
is lower than the nonenzymatic case (32.0 kcal/mol) but 7.3
kcal/mol higher than the native Fe(III)-2Tyr-1Glu active site
(AGispm = 16.0 kcal/mol). The energetic penalty introduced
by histidine substitution is approximately uniform across all
steps beyond the reactant, consistent with the overstabilization
of the reactant state relative to the rate-determining transition
state.

To decouple the effect of oxidation state from ligand
identity, we investigated how a 2His-1Glu active site influences
reaction energetics when the iron oxidation state is +3, as
observed natively in DMFase. The TS, transition state
identified by NEB calculations has a AE* of 19.7 kcal/mol
relative to the reactants (Supporting Information Figure S32).
After transition state characterization, the highest-energy
transition state (*TS;) has a AG* of 21.8 kcal/mol,
corresponding to the energetic span (Figure 7 and Supporting
Information Tables S16 and S17). These results show that the
Fe(III)-2Tyr-1Glu motif provides free energy stabilization of
the rate-determining transition state by 5.8 kcal/mol compared
to the Fe(III)-2His-1Glu motif, even when the oxidation state
is consistent. The higher observed barrier for the Fe(III)-2His-
1Glu motif results from both overstabilization of the reactant
state relative to the intermediate *IM, and destabilization of
the highest-energy transition state *TS; relative to the reactant.
We observe that the AG* of 2TS; relative to 2IM, is
moderately higher for the Fe(III)-2His-1Glu (17.5 kcal/mol)
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motif compared to the Fe(III)-2Tyr-1Glu (14.9 kcal/mol)
motif and this 2.6 kcal/mol increase is nearly matched by a 3.2
kcal/mol stabilization of the Fe(III)-2His-1Glu reactant state
relative to *IM, (Figure 7). Although these results confirm that
the native Fe(II[)-2Tyr-1Glu motif yields more favorable
energetics compared to the 2His-1Glu motif irrespective of the
iron oxidation state, the barrier reduction observed upon
increasing the iron oxidation state from Fe(II) to Fe(III) (AGH
reduced from 23.3 to 21.8 kcal/mol) underscores the potential
importance of enhancing the Lewis acidity of the metal center.
These differences in energetic span correspond to a significant
variation in catalytic efficiency, as quantified by the calculated
TOF. The native Fe(IIT)-2Tyr-1Glu active site has a calculated
TOF of 11.6 s™', whereas the Fe(III)-2His-1Glu and Fe(II)-
2His-1Glu variants are markedly slower, with calculated TOFs
of 5.9 X 10™* and 5.6 X 107> s7', respectively (Supporting
Information Text S4). Given the more favorable energetics of
the 2Tyr-1Glu motif and the decrease in barrier height with an
increasing oxidation state, we investigated whether introducing
electron-withdrawing fluorine substituents at the 3 and S
positions of the Tyr rings could further enhance the Lewis
acidity of the iron center. Using a fluorinated QM active site
model, the highest-energy transition state has a AE* of 13.8
kcal/mol relative to the reactants (Supporting Information
Figure S33). Characterization of the transition states resulted
in a AG of 15.5 kcal/mol for the highest-energy transition
state, *TS; (Supporting Information Figure S34 and Tables
S18, S19). The free energy stabilization of the rate-determining
transition state by only 0.5 kcal/mol relative to the unmodified
system suggests that the choice of the native tyrosines is finely
tuned for the hydrolysis of DMF. Together, these comparisons
show that coordination by tyrosine results in a more favorable
active site than histidine, as it avoids reactant overstabilization
and lowers the relative barrier. The advantage stems from
shaping the entire energy landscape, not merely lowering a
single barrier, and further electronic tuning by fluorination
offers little additional benefit. However, while we cannot
exclude contributions from protein dynamics or distal residues,
these results demonstrate how the crystallographic pose and
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experimentally validated residues can rationalize the 2Tyr-1Glu
motif and highlight its finely tuned electrostatic match to the
hydrolytic chemistry of DMFase.

4. CONCLUSIONS

We performed extensive computational investigations of the
catalytic mechanism of N,N-dimethylformamidase (DMFase),
a nonheme iron enzyme featuring an atypical Fe(III)-2Tyr-
1Glu coordination motif that enables hydrolytic activity toward
the environmental contaminant DMF. We identified two
distinct mechanistic pathways for hydroxide formation in
DMFase, initiated by second coordination sphere residues
Glu657 and His519, through large quantum mechanical cluster
models, charge shift analysis, energy decomposition, and
coordination and hydrogen bonding analysis. Both Glu657
and His519 enable the formation of a reactive ferric hydroxide,
but the Glu657-initiated mechanism is energetically preferred
with both activation barriers and more favorable reaction
thermodynamics. We found that the second coordination
sphere residues play distinct roles: Glu657 mediates proton
transfers through strong hydrogen bonding; His519 and
AsnS547 stabilize the highest-energy transition state via
favorable noncovalent interactions; and Lys567 stabilizes the
deprotonated tyrosinate state of Tyr440 through a cation—x
interaction, a prerequisite for iron coordination and formation
of the functional active site. Future work could also consider
alternative protonation states, such as a doubly protonated
His519 acting in a manner similar to Lys567.

We next aimed to elucidate the potential role that this
nonstandard 2Tyr-1Glu active site played in catalysis.
Substituting the native tyrosinate ligands with more common
active site histidines destabilized the reaction pathway, even
when the Fe(IIl) oxidation state was preserved, underscoring
the functional importance of the coordination of Fe by
tyrosinate residues. This electronic tuning arises from the
combined effects of Fe(III), which enhances Lewis acidity, and
coordination of Fe by tyrosinate residues, which selectively
stabilizes key transition states and intermediates. These
findings demonstrate how the 2Tyr-1Glu primary coordination
sphere enables hydrolytic reactivity in a nonheme iron enzyme
lacking coordinating histidines. The combination of this
coordination motif with catalytically positioned second-sphere
residues such as Glu657 may offer a strategy for introducing
hydrolytic activity into otherwise oxidative nonheme iron
scaffolds. Given the general simplicity of the hydrolysis
mechanism, engineering the binding pocket to accommodate
other substrates bearing amide bonds may enable broader
applications in bioremediation. Contaminants with similar
electrophilic amide moieties may be viable targets for future
substrate profiling or directed evolution. Further investigation
of the coordinating residues, such as the impact of bond length
or angle distortions on hydroxide activation or substrate
coordination, could offer insights into how tuning the active
site geometry modulates hydrolytic activity. Such studies may
also aid in the design of biomimetic or synthetic scaffolds with
a tailored reactivity.
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A Zenodo repository containing supporting Python scripts and
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Movie 1 depicting the full QM-optimized NEB reaction
path for the Glu657-initiated hydrolysis mechanism of
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Movie 2 depicting the full QM-optimized NEB reaction
path for the His519-initiated hydrolysis mechanism of
DMFase (ZIP)
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