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The Key Amino Acid Residues of Mitochondrial Transcription
Factor A (TFAM) Synergize with Abasic (AP) Site Dynamics to
Facilitate AP-Lyase Reactions

Wenxin Zhaol, Wenyan Xul, Jin Tang?, Shivansh Kaushik?, Chia-En A. Changl2, Linlin
Zhaol2*

1Department of Chemistry, University of California, Riverside, Riverside, California, 92521, United
States

2Environmental Toxicology Graduate Program, University of California, Riverside, Riverside,
California, 92521, United States

Abstract

Human mitochondrial DNA (mtDNA) encodes 37 essential genes and plays a critical role

in mitochondrial and cellular functions. mtDNA is susceptible to damage by endogenous

and exogenous chemicals. Damaged mtDNA molecules are counteracted by the redundancy;,
repair, and degradation of mtDNA. In response to difficult-to-repair or excessive amounts of
DNA lesions, mtDNA degradation is a crucial mitochondrial genome maintenance mechanism.
Nevertheless, the molecular basis of mtDNA degradation remains incompletely understood.
Recently, mitochondrial transcription factor A (TFAM) has emerged as a factor in degrading
damaged mtDNA containing abasic (AP) sites. TFAM has AP-lyase activity, which cleaves DNA
at AP sites. Human TFAM and its homologs contain a higher abundance of Glu than that of the
proteome. To decipher the role of Glu in TFAM-catalyzed AP-DNA cleavage, we constructed
TFAM variants and used biochemical assays, kinetic simulations, and molecular dynamics (MD)
simulations to probe the functional importance of E187 near a key residue K186. Our previous
studies showed that K186 is a primary residue to cleave AP-DNA via Schiff base chemistry.
Here, we demonstrate that E187 facilitates p-elimination, key to AP-DNA strand scission. MD
simulations showed that extrahelical confirmation of the AP lesion and the flexibility of E187

in TFAM-DNA complexes facilitate AP-lyase reactions. Together, highly abundant Lys and Glu
residues in TFAM promote AP-DNA strand scission, supporting the role of TFAM in AP-DNA
turnover and implying the breadth of this process across different species.
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INTRODUCTION

In higher eukaryotes, mitochondria are essential subcellular organelles for energy
production, metabolism, and signaling.! Mitochondrial DNA (mtDNA) encodes 13 protein
subunits of the oxidative phosphorylation system and a set of tRNAs and rRNAs.
Compared to nuclear DNA (nDNA), mtDNA is more susceptible to chemical modifications
by endogenous and exogenous factors partly due to its proximity to the oxidative
phosphorylation system and the lack of certain DNA repair pathways.2-4 Unrepaired

DNA lesions, point mutations, and deletions in the mitochondrial genome contribute

to the heterogeneity of mtDNA, also known as mtDNA heteroplasmy, which has been
implicated in mitochondrial diseases, neurodegeneration, and cancer.> 8 mtDNA damage

is counteracted by a robust mitochondrial base excision repair system, its multi-copy
characteristic, and rapid mtDNA turnover,2 -8 which occur in the context of mitochondrial
dynamics and mitophagy.® The systems to protect mtDNA also include scavengers of
reactive oxygen species, such as superoxide dismutase and mitochondrial glutathione
peroxidase 1.19 Notably, when cultured cells or experimental animals are exposed to
genotoxic chemicals, damaged mtDNA molecules are quickly degraded upon genotoxic
stress without an increase in the mutation load.% 11 12 Even under unstressed conditions,
the half-life of mtDNA is only in a matter of days.13 The mtDNA copy number fluctuates
in a given tissue and varies considerably based on the cell and tissue types.” Furthermore,
the degraded mtDNA fragments are known to translocate to the cytoplasm and trigger
immunological pathways.3: 14 15 Together, the rapid turnover of mtDNA, its susceptibility to
damage, and the functional importance of released mtDNA in immune responses have led to
the proposed role of mtDNA as a cellular genotoxic stress sensor.3

Mechanistically, how damaged mtDNA molecules are degraded remains partially
understood. A few enzymes have been shown to be involved in mtDNA degradation,
including the exonuclease domain of DNA polymerase (pol) y16: 17, genome maintenance
exonuclease 1 (MGME1)16. 18 with controversies,1> 19 and flap endonuclease 1 (FEN1).1°
Pol -y and MGME1 process mtDNA containing induced double-strand breaks into shorter
fragments in mammalian cells and mouse models.16-18 FEN1 has been implicated in
promoting mtDNA fragment release into cytoplasm on the basis of reduced cytosolic
mtDNA fragments upon silencing Fen1.1® In addition, mitochondrial transcription factor A
(TFAM) has emerged as a new player in mtDNA turnover.29-22 As a key mtDNA-packaging
protein, TFAM organizes mtDNA into DNA-protein complexes known as nucleoids.23
Besides, TFAM is an essential factor in mtDNA transcription activation.24 25 Recently,
TFAM has been shown to cleave DNA molecules containing abasic (AP) sites in vitro and
in cells,20: 21 arguing its role in damaged mtDNA turnover. AP sites are one of the most
abundant DNA lesions in mtDNA and nDNA, present at a level of 1 AP lesion/10°-10° nt.26

Key to the AP lyase activity of TFAM is its high Lys content (15% of the amino acid
residues in the mature TFAM). A proximal Lys activates an AP lesion for -elimination
via Schiff-base chemistry to form single-strand breaks (SSBs).20: 21 A body of literature
in the DNA repair field has shown that for DNA glycosylases, the B-elimination step
can be catalyzed by carboxylate-containing Glu or Asp residues (e.g., T4 endonuclease
V27), primary or secondary amines (e.g., NEIL128, also reviewed in ref. 29). Similarly,
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pol B uses E71 to perform a water-assisted H-abstraction at the C2” position to achieve

its dRp-lyase activity.30 Historically, the effects of carboxylate-containing amino acid
residues on the Schiff base intermediates have been extensively studied with rhodopsin
systems.3! Remarkably, the abundance of Glu (12%) in TFAM is much higher than its
average abundance (6.9%) in the human proteome (Table S1), and such a high frequency
is conserved in TFAM homologs from different species (Table S2). Intriguingly, more than
half of these Glu residues in TFAM are present in KE clusters (Fig. 1B). Considering that
multiple Lys residues can be involved in Schiff base formation with AP sites,20: 21,32 3
proximal Glu would be able to facilitate B-elimination by the deprotonating the 2" carbon
atom of the sugar ring, or serving as a Schiff base counterion, or both. Yet, the potential
contribution of the highly abundantly Glu residues to the AP-lyase activity of TFAM has not
been explored.

Herein, we clarify the role of a Glu residue (E187) in TFAM-mediated AP-DNA cleavage
using wet-lab experiments and computer simulations. E187 is chosen given its proximity

to the hotspot K186 in TFAM-facilitated AP-lyase reactions.20: 21. 32 \We demonstrate that
E187 facilitates p-elimination through detailed kinetic analysis and molecular dynamics
(MD) simulations. Our kinetic assays and simulations show that TFAM E187A variant has
a reduced rate of B-elimination. MD simulations revealed that AP sites in the TFAM-DNA
complex exhibits both intrahelical and extrahelical conformations with the latter facilitating
the Schiff base formation. Collectively, our data shed light on the importance of E187 in
the TFAM-mediated AP-lyase reactions and provide a basis for understanding the high
abundance of Glu in TFAM homologs and their role in mtDNA maintenance.

Design and validation of the Cys-null variant

We have demonstrated that Lys residues of TFAM are essential for catalyzing the DNA
cleavage at AP sites via Schiff base chemistry (Fig. 1C).29: 21 The resulting 3"-PUA (after
B-elimination) reacts readily with C49 or C246 of TFAM to form (meta)stable DNA-protein
cross-links (DPCs) via a Michael addition-type reaction.?! To probe the role of key Lys and
Glu residues without complications from Cys-derived DPCs, we prepared a Cys-null variant
of TFAM (C49S/C246S, hereinafter referred to as 2CS), and verified that 2CS maintained
similar properties relative to wild-type (wt) TFAM through the following experiments. In
terms of DNA-binding activity, 2CS showed a slightly higher affinity with DNA, with a
Ky,pNa 0f 2.2 (£ 0.2) nM, compared to a Ky pna 0f 9.9 (= 1.4) nM for wt TFAM (Fig.
S1A) based on fluorescence anisotropy measurements. Regarding the AP lyase activity,

the rates of AP-DNA disappearance (gis) were 23 (+ 2.3) x 107 s and 18 (+ 2.2) x

1075 s71 for 2CS and wt TFAM, respectively (Figs. 2A, 2B, S2A, S2B and Table 1). The
overall percentage yield of DPCs was a bit lower for 2CS (71 %) compared to wt TFAM
(83%) in a 12-h reaction. The lower yield of DPCs with 2CS is consistent with the lack of
Cys-derived DPCs (Figs. 2A and 2B). We evaluated the stability of DPCs resulting from a
15-h reaction with wt TFAM or 2CS under the physiological pH (7.4) and ionic strength
conditions. Although the relative abundance of DPCs from both reactions decreased over
time, a faster decrease was observed with 2CS (Figs. S4A and S4C). This can be explained
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by the presence of imine-based DPCs formed with 2CS, which are less stable than the
Michael-type DPCs formed with wt TFAM.2! Fitting the decrease of the DPC abundance
over time to a single exponential decay function resulted in a half-life (#2) of 7 h for 2CS
(Fig. 2C) and 43 h for wt TFAM (Fig. 2D). Consistent with the poor thermostability of
the Schiff base, DPCs derived from 2CS were more sensitive to heating. For example, the
relative abundance of DPCs from 2CS was approximately 8% at 61 °C (Fig. 2E), whereas
the relative abundance was approximately 20% for wt TFAM (Fig. 2F).

To verify that 2CS maintains the local interactions near the AP lesion in TFAM-DNA
complexes, we identified amino acid residues of TFAM cross-linked to the AP lesion
using tandem mass spectrometry (Fig. S5, Tables S4 and S5). Under in situtrapping by
NaBH3CN, the Schiff base intermediates formed between the AP lesion and a proximal
Lys were captured. Mass spectrometry data show that the AP lesion cross-links primarily
with K186 of 2CS. The relative abundance of K186-conjugated DPCs was 87% on the
basis of semi-quantification using integrated peak areas. The abundance correlates nicely
with an abundance of 85% with wt TFAM.2! In the absence of NaBH3CN, the AP lesion
was cross-linked to a number of Lys residues, including K111 (36% relative abundance),
K76 (26%), and K69 (15%). Interestingly, K111 also locates in a K111/E112 cluster in the
primary sequence, as shown in Figure 1B. These results do not abrogate the importance

of K186 because reactions in the presence of NaBH3CN should capture the predominant
conformation in the initial phase of the reaction, whereas reaction products in the absence
of NaBH3CN may represent thermodynamically stable products after reversible reactions
with K186. The observed products are consistent with the conformational dynamics of
TFAM-DNA complexes reported by others33 and us.32 For example, the TFAM-bound
complex can undergo butterfly-like motions with the two HMG domains.33 Together, these
data confirm that similar local interactions were maintained with 2CS relative to wt TFAM
and that 2CS is a suitable variant to probe the role of Glu in TFAM-mediated AP lyase
reactions.

Probing the role of Glu using TFAM variants

The high abundance of Glu residues and their proximity to Lys residues prompted us to
investigate their roles in TFAM-mediated DNA strand scission at AP sites. We intended

to characterize the formation time course of DPC;j, and DPC,; using 2CS variants with
and without a Glu residue. DPC;,, denotes DNA-protein cross-links (DPCs) with the intact
DNA oligomer; DPC denotes DPCs with a cleaved DNA oligomer. To quantify DPC;j,
and DPC,,, we optimized the protease digestion procedures and separated two types of
DPCs using denaturing PAGE (Fig. S6). Using pronase E, which contains a mixture of
proteolytic enzymes from Streptomyces griseus, we were able to separate DPCs based on
their migration relative to the AP-DNA substrate. Peptide-DNA cross-links migrating slower
than AP-DNA corresponded to DPC;,, and products migrating faster than AP-DNA but
slower than SSB corresponded to DPCy, as shown in Figure S6. The separation of the
two types of DPCs allowed us to follow the time-course formation of DPC;j, and DPC
unambiguously.

ACS Chem Biol. Author manuscript; available in PMC 2024 May 19.
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Given the importance of K186 in TFAM-catalyzed AP-DNA cleavage, we chose to
investigate the role of E187 in the reaction. We hypothesized that E187 could promote
B-elimination by abstracting the a-H as a general base (directly or via a water molecule, as
shown in Figure 1C), stabilizing the Schiff base, or both. To test this, we prepared the TFAM
2CS/E187A (2CSEA) variant and compared product yields and reaction rates with those
from 2CS in TFAM-mediated AP-DNA scission under physiology pH and ionic strength
conditions. In the presence of NaBH3CN (N reactions), DPC;, and DPC| were trapped

due to the rapid reduction of imines under near neutral pH,3 as observed in Figures S2B
and S2C (left panels). The relative abundance of DPC;,, and DPCj depends on the rate

of B-elimination relative to the reduction of imine. As summarized in Table 1, although

the total yields of DPCs (DPC;,, and DPC,) were nearly identical in a 12-h reaction,
2CSEA resulted in a higher yield of DPC;,, (89 % for 2CSEA vs. 76% for 2CS) and a

lower yield of DPC (11% for 2CSEA vs. 23% for 2CS), supporting a role of E187 in
promoting B-elimination. The increased accumulation of DPC;j, was evident with 2CSEA in
gel electrophoretic analysis (compare the left panels of Figs. S2B and S2C). In the absence
of NaBH3CN (X reactions), reactions undergo steps 1 through 3 (Fig. 1C), generating
DPC;y, DPC,, and SSBs. With both 2CS and 2CSEA, the formation of DPC;,, peaked at
the first 10 min of the reaction (Fig. 3A), followed by conversion to DPCj and SSBs (Figs.
S2B and S2C, right panels). Notably, compared to 2CS, a clear increase in the accumulation
of DPC;,, was observed in gel electrophoresis analysis with 2CSEA (Figs. S2B and S2C,
right panels). The accumulation of DPC;,, was more apparent when comparing the ratios of
relative abundance of DPC;,/DPC between 2CS and 2CSEA (Fig. 3A). Overall, these data
demonstrate that E187 facilitates p-elimination in AP-DNA cleavage.

Further, the role of E187 in p-elimination was implicated when the rates of AP-DNA
disappearance (kgjs) and DPC formation were compared. Agjs iS a comprehensive rate
constant encompassing contribution from all steps in the reaction (Fig. 1C), whereas the rate
of DPC formation reflects the kinetics of several sub-steps. In the presence of NaBH3CN,
kis,N is contributed primarily by steps 1 and 4 and, to a lesser extent, by steps 2, 3, and

5. As shown in Table 1 and Figure S3, 2CS yielded a s\ Of 23 £ 2.3 (x 107 s 71), and
2CSEA vyielded a Ayjs y of 44 2.2 (x 107° s 1. Considering that p-elimination promotes
the forward equilibrium, the 2-fold higher Agjs with 2CSEA can be partly attributed to a
compromised B-elimination reaction. Because the ratio of Agis n/Aqis x contains contributions
from steps after the Schiff base formation in the denominator, a slower B-elimination step
would result in a higher Agis n/Aqis x ratio. Indeed, the ratios were 4.3 for 2CS and 8.6

for 2CSEA (Table 2, pH 7.4), in keeping with slower p-elimination in the absence of

E187. Regarding the formation rate of DPC;y, (4t i) it contains mainly kinetic contributions
from steps 1 and 4. Compared to 2CS, a 2-fold faster At i, was observed with 2CSEA

(Table S3, 2CS and 2CSEA with AP17). With both 2CS and 2CSEA, the formation rates

of DPC;,, are comparable to Agjs, indicating the /n situtrapping of DPCs by NaBH3CN

was efficient (Table S3, 2CS and 2CSEA with AP47). DPC was a major product in the
absence of NaBH3CN, whereas only a minimal level of DPC formed in the presence

of NaBH3CN. Therefore, we reason that Schiff base formation is relatively slow and p-
elimination is relatively fast (but slower than reductive amination). This notion is supported

ACS Chem Biol. Author manuscript; available in PMC 2024 May 19.
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by published kinetic data regarding the Schiff base formation3® and NaBH3;CN-catalyzed
reductive amination in aqueous solutions.34

To verify these observations were indeed due to specific TFAM-DNA interactions, we
carried out a control experiment with a different substrate (AP,q, sequence shown in Fig.
1D) containing the AP lesion 3 nt away from (5" of) that of AP;7. Because the AP position
in AP, is away from the K186/E187 cluster in TFAM-DNA complexes, it is anticipated that
the catalytic effects of these residues would diminish. As shown in Table S3 and Figures

S7 and S8, in the presence of NaBH3CN, Agjs N was much lower with AP5q than that of
AP17, with both 2CS and 2CSEA, consistent with the important roles of K186 and E187

in TFAM-mediated AP-DNA cleavage. Unlike the 5- and 9-fold difference between Agis N
and Agis x With AP17 and 2CS and 2CSEA, Agjs N and Agis x obtained with AP,q were nearly
identical with both TFAM variants. These observations reaffirm the catalytic role of the
K186/E187 cluster in TFAM-mediated AP-cleavage reactions. Importantly, unlike the 2-fold
greater Ayis N for AP17 with 2CSEA as compared to that of 2CS, gjs values obtained with
AP, were comparable (2CSEA vs. 2CS, with or without NaBH3CN), reinforcing the role
of E187 in pB-elimination. Taken together, these experiments with site-specific AP-DNA
substrates and TFAM variants demonstrate the role of E187 unequivocally in promoting the
B-elimination step of the TFAM-assisted AP-lyase reaction.

AP-DNA cleavage under different pH conditions

Considering that pH could affect the protonation of solvent-exposed K186 and E187, as
well as the Schiff base intermediates, we obtained reaction rates under two additional pH
conditions (6.2 and 8.7) with AP7. Although the physiological pH is approximately 8 in the
mitochondria matrix,3® the local pH could vary inside the nucleoid. In spite of the varying
Ky pna of TFAM under different pH conditions (Fig. S9C), AP17 was saturated by TFAM
completely under the current assay conditions (4 UM of DNA and 8 uM of TFAM) based
on calculations using a quadratic equation.3” Even with the highest K4 pNA (=400 nM)
under pH 8.7, the calculated TFAM-bound AP47 was greater than 92% of the total DNA

in the assay. Therefore, the impact of DNA binding on the reaction rates was negligible. In
terms of Ayis of AP17 (with or without NaBH3CN), the rate increased with pH with both
2CS and 2CSEA (Table 2), likely due in part to the greater extent of deprotonation of key
lysine residues under basic conditions, which enhances the nucleophilicity of Lys. When
comparing Agis N/ Agis,x between 2CS and 2CSEA under different pH conditions (Fig. 4A),
we observed higher Ayis n/Adis x ratios under pH 6.2 for 2CSEA, similar to that observed
at pH 7.4. However, under pH 8.7, the Ayis n/kis x ratios were comparable between 2CS
and 2CSEA, mainly due to the dramatic increase of ks x with both TFAM variants. The
drastic increase of Agjs x under pH 8.7 suggest an acceleration of the rate-determining step,
presumably Schiff base formation. In addition, under pH 6.2 and 7.4, 2CS and 2CSEA
yielded comparable Agjs x values in the absence of NaBH3CN (Table 2, Fig. 4B). By
contrast, under pH 8.7, a 4-fold difference in Ayis x was observed between 2CS and 2CSEA,
indicating that other factors contributing factors may compensate for the loss of Glu (e.g.,
the fraction of the deprotonated Schiff base).

ACS Chem Biol. Author manuscript; available in PMC 2024 May 19.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Zhao et al.

Page 7

Because pH affects the rate of spontaneous p-elimination of AP sites (Fig. S9A and S9B),
we compared the half-life of naked AP47 with that of TFAM-complexed AP47 under
different pH conditions. The fold reduction in #, reflects the net effect of TFAM variants
on the stability of AP sites. As shown in Table 3, #,, of AP sites in free DNA decreased

at higher pH conditions, consistent with faster p-elimination under basic environments.
When AP17 was complexed with TFAM, £, was reduced by 2 orders of magnitude, with
the highest fold reduction (173-fold) at pH 8.7 and approximately 100-fold at pH 6.2 and
7.4. Although the spontaneous B-elimination occurs faster under basic pH, the 173-fold
reduction in #, of AP argues for a catalytic effect of TFAM. The faster reaction under basic
pH could arise from an increase in the fraction of deprotonated Lys side chains.

Regarding the overall DPC yields and the relative abundance of DPC;, and DPCy, product
profiles under pH 6.2 were comparable to those under pH 7.4 (Table 4). Under pH 8.7,

a number of differences were observed. First, in the presence of NaBH3CN, a significant
increase in the yield of DPC was observed, compared to those observed under pH 7.4 or
6.2. Under this condition, 2CSEA led to an increase in the DPC;j, and a decrease in the yield
of DPC. Second, in the absence of NaBH3CN, compared to 2CS, a dramatic increase in
the yield of DPC was observed. This is in contrast to the basal level of DPC produced
without NaBH3CN in the case of both 2CS and 2CSEA under pH 6.4 or pH 7.4. The
yields of DPC were 56% for 2CS vs. 29% for 2CSEA, in keeping with the role of E187
in p-elimination. The overall faster reaction under pH 8.7 could be partly owing to faster
Schiff base formation due to an increased amount of deprotonated form of Lys under pH
8.7. Assuming the pKa of the solvent-exposed Lys is near 10, shifting pH from 7.4 to 8.7
would increase the fraction of the deprotonated Lys side chains by approximately 100-fold.
On the other hand, E187 likely remained predominantly in the deprotonated form, and had
not a significant impact on the reaction rates under the current conditions. Overall, the
difference in kinetic parameters and product profiles under different pH conditions support
the importance of Lys residues in these reactions.

Kinetic simulations support the role of E187 in pB-elimination

To compare the rate constants of the p-elimination step between 2CS and 2CSEA directly,
we fit data under three pH conditions to a simplified kinetic model using KinTek Explorer
software.38 Kinetic simulations have been shown to be useful in extracting individual rate
constants, which would otherwise be difficult to isolate experimentally.37-39 Because of

the lack of data to constrain the noncovalent binding and dissociation of TFAM-DNA
complexes, these steps were embedded in the Schiff base formation (Fig. 5A, step 1) and
the dissociation from DPC (Fig. 5A, step 6). On the basis of the reported on-rate of
TFAM-DNA interactions, the rate of step 1 should not be limited by noncovalent binding or
sliding.40 The simplified kinetic model of reactions in the presence of NaBH3CN is shown
in Figure 5A. The kinetic model in the absence of NaBH3CN is the same as that in Figure
5A, except without steps 8 and 9. Global data fitting demonstrates that the proposed kinetic
model correlates largely with our experimental data (Fig. 5B and Fig. S10). As summarized
in Table 5 and Table S6, although not all the rate constants were well constrained due to
the lack of data to define all the sub-steps, kinetic parameters of several key steps were well
defined, i.e., steps 1, 4 and 6 (Fig. 5A). Overall, the Schiff base formation was rate-limiting

ACS Chem Biol. Author manuscript; available in PMC 2024 May 19.
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for both 2CS and 2CSEA, supporting our earlier conclusion. In the presence of NaBH3CN,
B-elimination occurred faster than the Schiff base formation with a rate constant comparable
to that of the reverse rate of step 1 (Table 5). In the absence of NaBH3CN, the reverse rate
constants of Schiff base formation and B-elimination were extremely small, indicating that
the forward reactions of both steps were favored. Although the reverse rate constants of
B-elimination were greater in the presence of NaBH3CN, the rapid reduction by NaBH3CN
offset the effect and drove the equilibrium forward, as evidenced by a kg (8500 — 9600 h1)
that is 2-orders of magnitude higher than k_4 (58 — 59 h™1).

Importantly, the rate constants of B-elimination for 2CSEA are several folds lower than
that of 2CS (4-fold with NaBH3CN and 2-fold without NaBH3CN) based on their best-fit
values, supporting the role of E187 in B-elimination. Further, we carried out confidence
contour analysis to estimate the errors associated with simulations and to reveal complex
relationships between the simulated parameters 41. The resulting confidence contours
showed that the simulated rate constants were well constrained by the data in general,
especially for steps 1, 4 and 6 (see lower and upper bounds in Table 5 and Table S6).
With or without NaBH3CN, the range of simulated data for B-elimination with 2CS is
greater than that of 2CSEA (compare lower and upper bounds in Table 5), affirming a
faster B-elimination with 2CS. Overall, kinetic simulations allowed the direct comparison
of rate constants with 2CS and 2CSEA. The data support the role of E187 in facilitating
B-elimination and demonstrate that Schiff base formation is rate-limiting in TFAM-mediated
AP lyase reactions.

Conformational dynamics of the AP sites and E187 in TFAM-DNA complexes

The dynamic conformations of AP sites in duplex DNA and protein-bound complexes have
been well documented by web-lab approaches#? 43 and MD simulations.** The AP lesion
can adopt an intrahelical or extrahelical conformation, depending on the local sequence,

its complementary nucleobase, and the associated protein (see 43 and references therein).
To probe the conformational dynamics of AP sites in TFAM-DNA complexes for steps

1 and 2 of the proposed mechanism (Fig. 1C), we carried out MD simulations using
modified models based on the TFAM-DNA co-crystal structure (PDB: 3TQ6).4> We built
the AP lesion in AP47 as a closed 5-membered sugar ring based on its favored closed ring
structure. We started the MD simulations with the AP lesion in its intrahelical conformation
(Fig. 6A). The motion of the AP lesion was evident in the output trajectory (Fig. S11A).
Although the intrahelical conformation of the AP site was maintained for the first 90 ns

of 200 ns simulations, an extrahelical conformation was adopted for the remaining time
(approximately 55% of the time). The rotation of the AP lesion outside the duplex structure
likely facilitates the Schiff base formation by shortening the distance between the carbonyl
group and the e-amino group of K186 with a few occasions that the distance was as short
as approximately 4.0 A (Fig. S11B). L182, one of the two intercalating residues (the other
being L58) in TFAM-DNA complexes #°, maintained its position in the complex (data not
shown), which may help stabilize the conformation with the moiety rotated outside the
helical structure. Therefore, our results demonstrate that the AP site maintains its dynamic
characteristics in TFAM-DNA complexes and the transition to the extrahelical conformation
likely facilitates the Schiff base formation.

ACS Chem Biol. Author manuscript; available in PMC 2024 May 19.
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To explore the interactions between E187 and the Schiff base, we built a model containing
the covalently linked Schiff base intermediate formed between the C1” atom of the AP
lesion and the e-N atom of K186 using a frame from a previous trajectory when the AP ring
is proximal to K186. We carried out MD simulations using this system and observed the
conformational flexibility of E187 and the Schiff base intermediate. The side chain of E187
was very flexible and observed to move towards the intermediate multiple times over the
trajectory (Fig. S12). The farthest distance between the proximal O atom of the E187 side
chain and the C1” hydrogen was approximately 15.2 A (Fig. 6B), and the closest distance
was 6.9 A (Fig. 6B). Such distances were too far for direct hydrogen abstraction by the
carboxylate group to occur, it is likely that the reaction is mediated by a water molecule

as proposed in Figure 1C. Together, data from MD simulations support the proposed
mechanism and provide important insights into the conformational flexibility of AP sites
and E187 in TFAM-DNA complexes.

DISCUSSION

Critical to the repair of ubiquitous AP sites or other nucleobase modifications are the
enzymes with AP-lyase activities. AP endonucleases are best-studied enzymes specific

to AP sites, incising the DNA backbone at the 5’-side of the deoxyribose group and
leaving a 5”-deoxyribose phosphate (dRp) moiety on one of the cleaved strands.#6 AP
endonucleases function with monofunctional glycosylases in base excision repair (BER).4’
Equally important are bifunctional DNA glycosylases with both DNA glycosylase and
AP-lyase activities. These enzymes catalyze the p-elimination reaction of AP sites upon
the enzymatic cleavage of damaged nucleobases.*’ Importantly, the AP-lyase activity is
not limited to these well-studied enzymes. A body of work by the Greenberg and Gates
laboratories has shown that free amino groups in DNA-binding proteins and nucleobases can
catalyze similar reactions.#8-51 For example, Greenberg and associates have demonstrated
that Lys residues of histone tails can promote strand scission at AP sites in reconstituted
nucleosome particles.#8 49 Gates and associates have shown that /n vitro amino groups

of the nucleoside 3" or 5 of the nucleoside opposing the AP lesion can catalyze similar
reactions in duplex DNA substrates with a variety of DNA sequence contexts, and that
biological amines, such as spermine, can accelerate the reaction.50-53

Similarly, we have demonstrated that, /n vitroand in cellulo, TFAM, a key DNA-packaging
factor in mitochondria, promotes AP-DNA scission via Schiff base chemistry.2%: 21 The
activity differs from the APE1-catalyzed AP-DNA cleavage and likely complement APE1
repair given the high abundance of TFAM. Besides, the TFAM-mediated cleavage also
forms TFAM-DPCs involving Cys residues (Michael-type adduct) and Lys residues (Schiff
base).2! Given the heterogeneous characteristics of TFAM-DPCs, we prepared the Cys-
null variant of TFAM to probe the role of key Lys and Glu residues and the properties

of resulting DPCs without interference from Cys-derived DPCs. Our kinetic and mass
spectrometric analyses demonstrate that, compared to wt TFAM, 2CS maintains similar
interactions with AP-DNA and is a suitable variant for our experimental purposes. Besides,
mass spectrometry data revealed additional Lys residues (e.g., K111) that can participate

in the reaction after the AP lesion reacts reversibly with K186. By contrast, wt TFAM
cross-links with AP-DNA primarily at C49. Stability analysis of 2CS-derived DPCs allowed
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comparison with other imine-based DPCs directly. 2CS-DPCs have a #, of 7 h under
physiological conditions, comparable to a #» of 10-14 h of AP-DNA-peptide cross-links
derived from histone H2 and H4 proteins,>* and much more stable than 5-formylcytosine-
histone DPC (#, = ~1.8 h)®® and 5-formyluracil-histone DPC (t,» = ~28 min).%6 By
contrast, wt TFAM-DPCs formed predominantly via Michael-additions have a £, of 43
h, even more stable than histone-DPCs. The biological significance of the relatively stable
TFAM-DCPs warrants further investigation.

Intriguingly, TFAM has a higher abundance of Glu compared to its average abundance in
the human proteome. In addition, more than half of the Glu residues are clustered with Lys
residues in TFAM, making them prime candidates as a general base for H-abstraction at the
C2’ carbon directly or via a water molecule, or acting as a counterion of the protonated
Schiff base. These roles of carboxylate side chains have been documented for key residues
in bifunctional glycosylases and other DNA repair enzymes. For example, E23 of T4
endonuclease V stabilizes the Schiff base intermediate and also potentially participates in 8-
elimination.2” T4 endonuclease V is a bifunctional glycosylase from bacteriophage T4 that
removes the pyrimidine dimer DNA adduct. On the other hand, histone H2B and H4 tails
catalyze AP-lyase reactions despite the lack of Glu, Asp, and His residues, which results in
a rate-limiting B-elimination step.%” The introduction of Glu, Asp, and His proximal to key
Lys residues increases the overall rate of the AP-DNA scission.>” On the contrary, the high
abundance of Glu in TFAM likely results in a fast p-elimination step, rendering Schiff base
formation rate-limiting. Although further studies are needed to clarify the effects of other
Glu on the aforementioned steps, our data demonstrate unambiguously that E187 facilitates
B-elimination with defined AP-DNA substrates.

Aside from the amino acid compositions of TFAM, the dynamics of AP lesions contribute
to the kinetics of the AP-lyase reaction. On the basis of MD simulation data, the extrahelical
conformations were observed in the second half of the trajectory, suggesting that the
conformational change may partially limit the Schiff base formation. The extrahelical
conformation of AP sites has been observed in co-crystal structures of several other
repair enzymes, including uracil-DNA glycosylase,?® alkylated-base glycosylase AlkA,>°
and APE1.50 The conformational flexibility of AP sites may be enhanced by L182,

one of the two intercalating residues (the other being L58) in TFAM-DNA complexes.
These intercalating residues play a major role in facilitating a U-turn DNA structure for
transcription initiation and DNA compaction.*® 182 may promote the conformational
flexibilities of the AP lesion by stabilizing the local duplex DNA structure, analogous

to DNA-intercalating residues in other base-flipping glycosylases.%: 62 In addition, the
conformational flexibility of the E187 side chain may facilitate the reaction by shortening
the distance between E187 and the C2” position.

mtDNA is turned over rapidly compared to nuclear DNA, with a reported half-life in a
matter of days.® Recently, mtDNA degradation has also emerged as an important DNA
damage response mechanism.2 4 7:8, The induction of AP sites in mitochondria leads to
a rapid decline in mtDNA copy number without increasing the mutation load.53 The high
abundance of Lys and Glu residues in TFAM supports the role of TFAM in facilitating
strand scission at ubiquitous AP sites. Although the observed rate of AP-DNA cleavage is
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much slower than other DNA repair enzymes, the abundance of TFAM in nucleoids and
our detection of elevated TFAM-DPCs upon inducing mitochondrial AP sites in HeLa and
HEK?293 cells?l: 22 argue the involvement TFAM in processing AP sites in mitochondria.
The strand scission at AP sites converts AP lesions to more deleterious “roadblocks” in

the forms of DPCs and SSBs to various mtDNA transactions, which could potentially

serve as signals for recruiting additional factors (e.g., DNA nucleases) or for purifying
selection against damaged mtDNA molecules. The rapid AP-DNA degradation supports the
disposable characteristic of mtDNA’ and a proposed role of mtDNA as a cellular genotoxic
stress sentinel.3

In sum, we have demonstrated the role of E187 in facilitating B-elimination during TFAM-
mediated AP-lyase reactions. Although E187 is a representative residue proximal to a key
Lys (K186), the abundance of Glu in TFAM and the large fraction of Glu clustered with Lys
suggest a general role of Glu in facilitating AP-lyase reactions. Unlike specific Glu located
in the enzyme active site, the extent of contribution of different Glu residues likely varies
based on the local interactions and the conformational dynamics of the AP lesion in a given
sequence context in TFAM-DNA complexes.

MATERIALS AND METHODS

Reagents

Unless specified otherwise, chemicals were from Sigma Aldrich (St. Louis, MO) or Fisher
Scientific and were of the highest grade. MS grade trypsin was from Fisher Scientific.

E. coliBL21 (DE3) competent cells and uracil DNA glycosylase (UDG) were from New
England Biolabs (Cat. No M0280S, Ipswich, MA). Pronase E was from MedChemExpress
(Monmouth Junction, NJ, Cat. No HY-114158). The pET28a vectors expressing the mature
form of human TFAM (amino acid 43-246) variants were constructed by GenScript
(Piscataway, NJ). Human TFAM cDNA was inserted at the restriction enzyme site Nde

I. Constructs expressing TFAM variants were created by site-directed mutagenesis by
GenScript. Oligodeoxynucleotides were synthesized and HPLC-purified by Integrated DNA
Technologies (Coralville, 1A).

Electrophoretic mobility shift assay

The reaction solution contains 20 mM HEPES (pH 7.4), 90 mM NaCl, 20 mM EDTA, 4 uM
DNA substrate (dU-containing duplex), and increasing concentrations TFAM. All reactions
were prepared on ice and mixed with a loading buffer containing glycerol with bromophenol
and xylene-cyanol. Electrophoresis was carried out on a 6% polyacrylamide (acrylamide/
bis-acrylamide) gel in 0.35X TBE (Tris-Borate-EDTA) buffer at 100 V and 4 °C. The gel
was imaged with a Typhoon imager (Cytiva, previously GE Healthcare Life Sciences) and
quantified using ImageQuant software (Cytiva). Data were graphed using GraphPad Prism
(v8.0).

Reactions of TFAM with AP-DNA

TFAM and AP-DNA reactions were conducted and analyzed similarly to the previous
procedures with modifications 20. Briefly, wild-type (wt) TFAM or variants were incubated
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with AP-DNA to monitor the rates of strand scission and SSB and DPC formation.
Reactions contained 4 uM AP-DNA, 8 uM TFAM (wt or variant), 20 mM HEPES (pH

7.4), 90 mM NaCl, and 20 mM EDTA, with or without 25 mM NaBH3CN. Reactions

under pH 6.2 were in 50 mM of MES (2-(A-morpholino)ethanesulfonic acid) buffer, and
reactions under pH 8.7 were in 50 mM sodium carbonate-bicarbonate buffer. Reactions
were carried out at 37 °C with aliquots taken at varying times and quenched by adding an
equal volume of 0.2 M NaBHy, followed by rapid cooling on ice. Samples were stored at
—80 °C until electrophoretic analysis. To analyze the DPCs without enzymatic digestion,
SDS-urea polyacrylamide gel electrophoresis (PAGE) was used. Samples were mixed with
a gel-loading solution containing 95 % (v/v) formamide, 50 mM EDTA and 1% SDS, and
analyzed on an 8 cm x 10 cm SDS-urea (7 M) PAGE (4% -16%). To analyze the DPCs

by denaturing PAGE, DPCs were digested with pronase E (0.5 mg/mL, 41 °C overnight),
followed by mixing with a 1.5-volume of loading solution containing 95 % (v/v) formamide
and 50 mM EDTA for electrophoresis (16% polyacrylamide/bis-acrylamide (19:1), 7 M
urea, 38 cm x 30 cm). Gel images were acquired and analyzed as described above. The
apparent DNA disappearance rate was obtained by fitting the percent yield of intact DNA to
a single-exponential function as described 2. Percent yields of DPCs and SSBs were fitted
to a one-phase decay single-exponential function with 100% set as the initial value.

Thermostability and half-life of TFAM-DPCs

The stability and half-life of DPCs under different temperatures were examined by
incubating DPC products resulting from a 15-h reaction of TFAM and AP-DNA under

pH 7.4 in the absence of NaBH3CN. The reaction products were then incubated in a dry bath
incubator for 1 h under varying temperatures (40°C, 61°C, 66°C, 76°C, 85°C) and quenched
with 0.1 M NaBHj,. Control reactions were quenched with NaBH,4 before heating. The
resulting products were quantified without protease digestion by using a gradient (4%-16%)
SDS-urea-PAGE gel (7.5 x10 cm). The half-life of TFAM DPCs was analyzed by incubating
the reaction products at 37 °C with an aliquot taken at varying times for SDS-urea-PAGE
analysis. The percent yields of DPCs (based on intensity ratios of DPCs/(DPCs+SSBs)) over
time were fit to a one-phase decay single-exponential to obtain the half-life.

Half-life of AP-DNA

Without TFAM, 4 uM of AP-DNA was incubated in 20 mM HEPES (pH 7.4), 90 mM NaCl,
and 20 mM EDTA under 37 °C for varying times. Reaction aliquots were quenched with an
equal volume of 0.2 M NaBHy, followed by rapid cooling on ice. Samples were stored at
—80 °C until electrophoretic analysis.

Identification of cross-linking amino acid residues in TFAM DPCs by mass spectrometry

TFAM and AP-DNA reaction products after a 24-h reaction were digested by trypsin in 100
mM Tris-HCI pH 8.0 and 20 mM CacCl, at 37°C for 12 to 14 h. Samples were purified and
analyzed by tandem mass spectrometry according to published procedures 21,
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Kinetic simulations

Data from TFAM-mediated AP-DNA cleavage reactions under pH 6.2, 7.4 and 8.7 were fit
globally into a multi-step kinetic model (Fig. 5A) using KinTek Explorer 7 38. The imported
data were concentrations of products (remaining AP-DNA, DPC;,,, DPC,), and SSBs) as a
function of the reaction time. Initial reactant concentrations were 4 uM for DNA (D+DH
in Fig. 5A) and 8 uM for TFAM in a 12-h reaction. The observed SSB concentration was
defined as the sum of SSB and the SSBH (Fig. 5A). Individual rate constants were allowed
to fluctuate. FitSpace 4! calculation was used to determine the reliability of the fit, and the
lower and upper bounds were obtained by setting the threshold at bound as 0.95. FitSpace
confidence contours analysis was used to evaluate whether the simulated data were unique
and well-constrained. FitSpace results were computed for 0.6 Chi? threshold limit. The
boundary of kinetic parameters was calculated when the Chi? threshold was set as 0.95.

MD simulations

Conventional MD simulations (200 ns) were carried out with two systems of TFAM-DNA
complexes with a ring-closed AP site or a Schiff base intermediate. The 3D coordinates

of TFAM-DNA complexes were obtained from the crystal structure of PDB 1D 3TQ6 4.
XLeap editor was used to remove the nucleobase at the AP47 lesion position, build a
covalent bond between the lesion and lysine, modify partial charges and generate input files
for MD simulations. MD simulations were performed using the Amber18 package with GPU
implementation 4. The protein was parameterized by using Amber Force Field FF14SB

and DNA by AMBER bsc1 6466, Antechamber was used to calculate the partial charge of
the Schiff base intermediate in the system using General Amber Force Field (GAFF) 67.
Both systems were minimized in three steps, hydrogen, side chains, and the entire system.
The systems were explicitly solvated using TIP3P water model in a rectangular box of
periodic boundaries at 12 A from any atom and 27 positive counter ions (Na*) were added to
neutralize the overall system charge.

The solvated systems were then minimized, followed by isothermic-isobaric (NPT)
ensemble equilibration in 25 K increments from 50 to 298 K, first for water only and then
for the entire system, for 200 ps at each temperature. MD trajectories were from over 200
ns at a 1-ps interval with a 2-fs timestep under constant pressure and temperature. Particle
mesh Ewald 58 and the SHAKE algorithm 69 were applied for long-range electrostatics and
fixed heavy atom-hydrogen bond lengths. The trajectory output files were processed with
PTRAJ to contain 20,000 frames after stripping water molecules and ions, each representing
a 0.01-ns timestep 7. Each trajectory was aligned using the backbone of the first frame and
analyzed by using Visual Molecular Dynamics (VMD) 71 and PyMOL 72,

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1.

Structural basis and proposed mechanism of TFAM-facilitated AP-DNA strand scission.
(A) The crystal structure of TFAM (PDB:3TQ6) complexed with a DNA duplex substrate
containing the light-strand promoter (LSP) sequence. Two high-mobility group (HMG)
domains are in green (HMG1) and cyan (HMG2); the linker region is in light pink; the
C-terminal tail is in yellow; two abasic site positions are in green (DNA sequences in

D). (B) The primary sequence of TFAM with Glu-Lys clusters is highlighted in red. (C)
Proposed mechanisms of TFAM-facilitated AP-DNA strand scission and the role of Glu
acting as a general base to abstract the a-proton of the Schiff base in the B-elimination
step (an optional water molecule is included). Alternately, Glu can also serve as a counter
ion to stabilize the Schiff base (not shown). Major products are labeled in blue. DPC;,
denotes DNA-protein cross-links (DPCs) with the intact DNA oligomer; DPC denotes
DPCs with a cleaved DNA oligomer; 3’ pUA-SSB denotes the DNA single-strand break
product with 3”-phospho-a.,B-unsaturated aldehyde residue. (D) AP-DNA substrates (AP17
and AP5g) containing a site-specific modification. X indicates an AP lesion, converted from
a deoxyuridine (dU) precursor using UDG.
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Figure 2.
Comparison of wt TFAM and 2CS in AP-DNA cleavage reactions and the stability of the

resulting DPCs. Quantification of AP-DNA, DPC, and SSB in TFAM-mediated AP-DNA
strand scission reactions with (A) 2CS and (B) wt TFAM. Representative gel images are
shown in Fig. S2. The stability of TFAM-DPCs with (C) 2CS and (D) wt TFAM. Fitting
the change of relative abundance of DPCs with time to a single exponential decay equation
resulted in a half-life of 7 h for 2CS and 43 h for wt TFAM. The relative abundance is
calculated based on the intensities of DPCs divided by the sum of the intensities of DPCs
and SSBs. The thermostability of DPCs formed in reactions with (E) 2CS or (F) wt TFAM.
DPCs used in (C) through (F) were from a 15-h reaction with TFAM and AP-DNA without
NaBH3CN. Representative gel images are shown in Fig. S4.
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Involvement of E187 in B-elimination demonstrated using reactions of TFAM variants (blue

for 2CS and orange for 2CSEA) with different AP-DNA substrates (AP17 and APyg).

(A) Instantaneous ratios of the yield of DPCs (DPC;,/DPC,)) in a 12-h reaction without
NaBH3CN. The accumulation of DPC;, was apparent within 1 h for 2CSEA. (B) Ratios

of the rate of AP-DNA disappearance in the presence of NaBH3CN (4g;s n) and without
NaBH3CN (Agis x)- (C) Formation rates of DPC;y, in the presence of NaBH3CN. (D) Zoom-
in view of the locations of E187, K186, and two AP sites in the crystal structure of TFAM
(PDB:3TQ6). For comparison, two AP positions were shown in the same crystal structure.
(E) Comparison of Agyjs under different reaction conditions with AP17 or AP,q. Data were

averages with S.D. (n=3).
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Figure 4.
Comparison of the kinetics of AP-DNA scission by TFAM under different pH conditions.

(A) Ratios of the rate of AP-DNA disappearance with (Agis n) and without NaBH3CN
(kgis x) for 2CS and 2CSEA. (B) The ratios of ks x of 2CSEA divided by ks x of 2CS
under different pH conditions. Data are average values. Errors are S.D. (n=3).
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Figure 5.

Global data analysis and kinetic simulations of TFAM-catalyzed AP-DNA strand scission
under three pH conditions. (A) Simplified kinetic model for reactions in the presence of
NaBH3CN. The model for reactions in the absence of NaBH3CN contains similar steps
except without steps forming DP1R (step 8) and DP2R (step 9). (B) Global fitting of data
obtained under pH 6.2, 7.4, and 8.7. (C) FitSpace contour analysis demonstrates that the
Schiff-base formation (4y), B-elimination (43), and dissociation (kg) were well constrained
by data. Couture plots show Aq, k4 and kg as a function of each other. The Chi? boundary of
each parameter was set at 0.833.
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extrahelical intrahelical )

Figure 6.
Conformational dynamics of AP sites and E187 obtained by MD simulations. (A)

Representative intrahelical (purple) and extrahelical (wheat) conformations of the AP lesion
site observed in MD simulations. In (B) and (C), the Schiff base was modeled in the
TFAM-DNA complex. Two simulation frames show (B) the farthest distance (186 ns) and
(C) the closest distance (163 ns) between the proximal O atom of E187 side chain and the
C1’ hydrogen in angstrom.
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Table 1.

The rate of AP-DNA disappearance (kgjs) and DPC yields in TFAM-mediated AP-DNA strand scission.
Reactions were carried out with AP17 (4 uM) and TFAM (8 uM) for 12 h with or without NaBH3CN. Details
are described in Experimental Procedures. Data are average values = S.D. (n=3).

AP-DNA ; ;
TFAM f Total DPC  DPCj,yield DPC yield
: NaBH3;CN  disappearance - in C
variants s Kge (105571 Vield (%) (%) (%)
- 51+06 83+36  004+003  85+34
wT
+ 18422 92+39 76+4.0 16 £3.2
- 52+09 7127 16205 7032
2CS
+ 23423 99+0.1 76+6.3 24+6.2
- 55+1.3 80+55 1404 79+58
2CSEA
+ 44422 100£0.1 8920 1120
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TFAM-catalyzed AP-DNA cleavage reaction with AP17 in 12-h reactions under different pH conditions. Data
are average values = S.D. (n23). Ayjs N is the rate of AP-DNA disappearance in the presence of NaBH3CN;

kyis,x 1s the rate of AP-DNA disappearance in the absence of NaBH3CN.

AP-DNA
pH TFAM NaBH3;CN  tj;(h)  disappearance  Kgis n/Kqis x
Kgis (1075 s71)

6.2 2CS + 1.1+0.2 19+15 56+0.5
- 57+0.9 34+05

2CSEA + 060 32+16 12+0.6
- 75+0.6 26+0.2

7.4 2CS + 08+0.1 23+29 43+01
- 3.8+0.6 52+0.9

2CSEA + 04+0 44 +£22 86+22
- 36+08 55+13

8.7 2CS + 06+0.1 35+45 0.8+0.1
- 04+0.1 44 +6.2

2CSEA + 02+0 96 +15.3 0.6+0.2
- 0.1+0.1 162 + 61
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Table 3.

Effects of TFAM variants on the half-life (#/,) of AP-DNA. The £, of AP-DNA was obtained under the same
assay conditions as TFAM reactions except without TFAM. The fold reduction was calculated based on the
ratios of #/, of free AP divided by #/, of AP17 in DNA-TFAM reactions in the absence of NaBH3CN. Data
under pH 7.4 are average values = S.D. (n=3). Data obtained under pH 6.2 and pH 8.7 are average values +
range of data (n=2).

typ (h) Fold reduction inty,  Fold reduction in ty,
of free AP-DNA relative to 2CS relative to 2CSEA
pH 6.2 630 + 37 110 84
pH 7.4 393+78 103 109
pH 8.7 69+7 173 690
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TFAM-facilitated AP-DNA cleavage with AP17 in a 12-h reaction under pH 6.2, 7.4 and 8.7. Summary of
DPC formation comparison from kinetic parameters including DPC;, yield, DPC yield, and the ratio between
DPC;,/DPC after 12 h. The percent yield is calculated based on the sum of remaining AP,7, DPC;j,, DPCy,
and SSBs. Data are average values £ S.D. (n=3).

pH TFAM NaBH;CN DPCi, (%) DPC (%) DPC;,/DPCy
6.2 2CS + 80+5.3 16+4.2 53%15
- 0.6+0.2 66+1.1 0.01 +0.003
2CSEA + 94+34 52+31 2927
- 14+12 54+53 0.03 +£0.03
7.4 2CS + 77+4.0 24+6.2 33+11
- 1.6+05 70+3.2 0.02 £0.01
2CSEA + 89+19 11+20 85%17
- 14+04 79+58 0.02 +£0.01
8.7 2CS + 27+56 44+40 06+0.1
- 21%0.2 56+3.8 0.1+0.04
2CSEA + 41+0.7 18+8.8 29%20
- 12+11 2979 0.8+0.7
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Simulated parameters for Schiff-base formation, S-elimination and dissociation reactions with 2CS and

Table 5.

2CSEA and AP47. Errors are S.E. from simulations from KinTek Explorer.

Steps TFAM

NaBH3;CN  Lower bound  Upper bound

Best-fit values

ki (UMt h™Y) forward, Schiff-base formation ~ 2CS

2CSEA

kg (h7Y) reverse, Schiff base formation 2CS
2CSEA

ky (ht) forward, B-elimination 2CS
2CSEA

k.4 (h72) reverse, B-elimination 2CS
2CSEA

ks (h™1) forward, TFAM dissociation 2CS
2CSEA

kg (%) reverse, TFAM dissociation 2Cs
2CSEA

+

+

0.13
0.05
0.34
0.05
13
2.1x107°
0.34
40x107°
13
13
0.50
0.68
24
8.1x107°
24
17x1070
11
0.04
10
0.05
6.9x107°
8.9x 10712
1.2x 10710
6.9x 10710

0.21
0.09
0.47
0.12
5.6
2.1x1078
0.47
4,0x1078
5.0
2.5
1.2
13
120
8.1x107®
110
1.7x1077
17
0.08
20
0.07
6.9x1076
8.9x107°
1.2x 1077
6.9 x 1077

0.16 + 0.04
0.07 £0.01
0.39 +0.06
0.09 +0.03
25+1.7
2.1x1077
43+12
40x1077
25+16
1.6 £0.46
0.78 +0.37
0.85+0.24
59
8.1x1077
58.2
1.7x1078
1l4+4
0.05+0.01
16+6
0.06 +0.03
6.9x1077
8.9x10710
1.2x1078
6.9x1078
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