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Abstract

Human mitochondrial transcription termination occurs within the leu-tRNA gene and is mediated 

by the DNA binding protein MTERF1. The crystal structure of MTERF1 bound to the canonical 

termination sequence reveals a rare base flipping event that involves the eversion of three 

nucleotides. These nucleotides are stabilized by stacking interactions with three MTERF1 

residues, which are not only essential for base flipping but also for termination activity. To further 

understand the mechanism of base flipping we examined each of the individual stacking 

interactions in structural, energetic and functional detail. Individual substitutions of Arg162, 

Tyr288 and Phe243 have revealed unequal contributions to overall termination activity. 

Furthermore, our work identifies an important role for Phe322 in the base flipping mechanism and 

we demonstrate how Phe322 and Phe243 are important for coupling base flipping between the 

heavy and light strand DNA chains. We propose a step-wise model for the base flipping process 

that recapitulates our observations. Finally, we show that MTERF1 has the ability to accommodate 

alternate active conformations. The adaptability of base flipping has implications for MTERF1 

function and for the putative function of MTERF1 at alternative binding sites in human 

mitochondria.
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INTRODUCTION

The human mitochondrial genome is a circular, closed, 16.5kb DNA molecule that encodes 

22 tRNAs, 2 rRNAs and 13 mRNAs located on the heavy strand (HS) and light strand 

(LS) [
1–5]. The expression of these genes produce protein subunits that make up the 

mitochondrial contribution of the oxidative phosphorylation system (OXPHOS), which is 

ultimately responsible for the generation of ATP [
6,7]. Alterations to OXPHOS can result in 

decreased energy production and are associated with human pathology such as cancer and 

age-related diseases including aging [
8]. OXPHOS is therefore dependent on proper 

expression of the mitochondrial genome. Expression is tightly regulated and depends on the 

import of nuclear proteins [
9]. The first step in gene expression is transcription of the 

mitochondrial genome [
10]. The initiation of transcription involves three proteins: a 

mitochondrial RNA Polymerase (POLRMT) and two transcription factors (TFAM and 

TFB2M) that assemble at the regulatory D-loop, an ~1kb non-coding region of the 

mitochondrial genome [
11–13]. Here, bi-directional transcription initiates at promoters for the 

light strand (LS) and heavy strand (HS).

Transcription products of both strands can be terminated within the leu-tRNA gene and this 

termination event is dependent on the mitochondrial termination factor, MTERF1 [
14]. The 

reason for and the precise location of termination at the MTERF1 binding site is not clearly 

understood. Because the termination site is located downstream of the heavy strand promoter 

(HSP) and the 2 rRNA genes, it was suggested that, in concert with appropriate selection of 

alternative HSP promoters through a secondary MTERF1 binding site, this site is important 

for regulating rRNA production [
3,15–17]. Alternatively, genetic and biochemical evidence 

suggests that this termination site is important as an obligate site for LSP transcriptional 

termination [
18]. Regardless of the reason for termination here, this event seems to be 

evolutionarily conserved, and this site is also the most strongly protected from DNase 

digestion in the mtDNA molecule, indicative of tight protein binding [
19]. Furthermore, 

pathogenic mtDNA mutations are found in the termination site. These mutations include 
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A3243G, which is the mtDNA mutation most frequently found in the population. It has been 

demonstrated that some of these mutations can negatively affect termination activity [
20–22]. 

In addition to mediating transcription termination, a role has been suggested for MTERF1-

mediated pausing at alternative sites in the mtDNA genome during DNA replication [
23].

The MTERF1 protein belongs to a family of factors (MTERFs) found in metazoans and 

plants [
24,25]. MTERF proteins are exclusively localized to mitochondria and chloroplasts, 

where they often play essential roles [
25,26]. Their functions have been shown to involve 

regulation of mitochondrial DNA replication, transcription and translation [
15,27–29]. Crystal 

structures of MTERF proteins have shown that these proteins belong to a novel class of all 

helical tandem-repeat DNA binding proteins [
22,30–32]. The crystal structure of MTERF1 

bound to its termination sequence demonstrates a unique DNA binding mode, where 

sequence specificity is mostly maintained through interactions with the DNA major groove 

established by 5 conserved arginine residues [
22]. Most strikingly, MTERF1 mediates a rare 

base flipping conformation that involves unwinding of the double stranded DNA and the 

eversion of three nucleotide bases. The everted nucleotides are extra-helically stabilized by 

stacking interactions with three residues, Arg162, Phe243 and Tyr288, which are critical for 

MTERF1 termination activity [
22,33]. Our previous work established the importance of base 

flipping for termination activity through an R162A, F243A, Y288A (RFY) triple 

substitution that destabilizes base flipping. Although the RFY substitution and WT 

MTERF1 maintain a similar binding mode and are both capable of specifically recognizing 

the termination sequence, RFY is deficient in its ability to terminate transcription [
22]. This 

suggests that the binding event alone is not sufficient for termination and underscores the 

role of base flipping for termination. However, the mechanism through which this unique 

mode of base flipping occurs remains obscure [
34]. Since there are three bases involved, the 

mechanism of eversion is likely a multi-step, complex process. Therefore, we sought to 

understand the mechanical steps involved in nucleotide eversion. In this study, to break 

down the process of base flipping, we have created individual substitutions that disrupt the 

stacking interactions one at a time. We have evaluated the structural, energetic and 

functional consequences of these substitutions and show that individual stacking interactions 

do not contribute equally to function. We have identified Phe322 as an additional residue 

important for base flipping and propose a model for the base flipping mechanism. Our data 

also demonstrate the existence of alternate base flipped conformations, some of which are 

still compatible with termination activity. This could have implications for the ability of 

MTERF1 to adapt to functional roles at other sites in the mitochondrial genome.

RESULTS

Functional differences among Y288A, R162A and F243A substitutions

The X-ray crystal structure of human MTERF1 at 2.2Å bound to the termination sequence 

reveals an all-helical protein with a right-handed superhelical fold that wraps around the 

major groove of DNA (Supplementary Figure 1). Furthermore, the protein induces DNA 

bending and helix unwinding, which results in the eversion of three nucleotides (C3242 and 

T3243 in the heavy strand and A3243 in the light strand) stabilized by stacking interactions 

as shown schematically in Figure 1A and structurally in Figure 1B. Eliminating the three 
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stacking interactions by an RFY to AAA triple substitution results in a severe functional 

loss [
22]. However RFY does not inform on the specific role of base flipping or the 

mechanism of eversion. To further investigate base flipping in MTERF1 we created, 

expressed and purified R162A, Y288A and F243A individual substitutions, and performed 

termination assays to assess their function on a model substrate as previously reported [
22]. 

The resulting UREA–PAGE gel shows two distinct bands corresponding to a Full Length 

(FL) runoff RNA transcript and a smaller termination (T) transcript that represents MTERF1 

mediated termination (Figure 1C). A control experiment (C) containing only the initiation 

machinery yields a single band corresponding to the FL transcript. The percentage of 

termination for each substitution is shown graphically in Figure 1D. Interestingly, the 

termination defect for each mutant is not equal. Whereas both R162A and F243A have a 

severe functional defect that cannot be rescued by increasing the protein concentration, the 

Y288A substitution results in a protein that is deficient at low concentrations, but closer to 

wild type at higher concentrations. Interestingly, R162A displays the strongest effect, with 

only residual termination activity. Thus, unexpectedly, the termination assays demonstrate 

that the functional contribution of each stacking residue is clearly not equal with respect to 

function.

Energy decomposition explains the importance of Arg162, suggests a role for Phe243

The observed functional differences when replacing each one of the stacking residues in WT 

MTERF1 with alanine suggest that each of these residues could contribute unequally to the 

stability of the functional complex. Thus, we tested the hypothesis that Arg, Phe and Tyr 

residues contribute unequally to the stability of the flipped bases. If true, this would imply 

that either the energetic contribution of each stacking interaction is different or, besides 

stacking, additional interactions established by Tyr288, Phe243 and Arg162 to the DNA 

result in a differential energetic contribution. Structural analysis of the MTERF1 crystal 

structure does not immediately explain these differences. Thus, in order to understand how 

the interactions between the stacking residues and the DNA (Figure 1B) compare with each 

other, we used MD simulations and energy decomposition to evaluate the energies of WT 

MTERF1-DNA interactions (Figure 2). We reasoned that the functional differences could in 

part be explained by the presence of additional interactions between Arg162 and the DNA 

backbone. As a control, energy decomposition identified interactions expected to be 

favorable - between Phe243, Tyr288 and Arg162 with the everted nucleotides (Figure 2A, B, 

C). Next, we analyzed all the interactions between these residues and the DNA to better 

understand how Tyr288, Phe243 and Arg162 support the everted bases and stabilize the 

altered backbone conformation observed in the crystal structure.

This energy analysis reveals the importance of the nonspecific interactions established 

between Arg162 and the DNA backbone (Figure 2C). In addition to stacking with T3243, 

Arg162 forms a nonspecific interaction between its positively charged guanidinium group 

and the negatively charged phosphate group of T3241 (2.6Å; Figure 1B). Thus, in addition 

to stacking with one of the everted residues, like Phe243 or Tyr288, Arg162 also interacts 

with the DNA backbone through nonspecific electrostatic interactions. Moreover, Arg162 

might be key to stabilizing the otherwise unfavorable dipole-phosphate interaction between 

helix 2 in the fourth mterf motif and the phosphate group of T3241 (Figure 2E) [
22]. 
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Furthermore, this interaction might stabilize the severe kink in the HS backbone that takes 

place in the base flipping region (arrow in Figure 1B). This kink is essential to facilitate the 

conformation observed in the crystal structure. An in silico R162A mutation reveals the 

dramatic change in electrostatic potential between the dipole of helix 2 and T3241, C3242, 

and T3243 (Figure 2E, F). Hence, Arg162-DNA nonspecific interactions provide a potential 

explanation for the severity of the phenotype in the R162A substitution.

Energy decomposition also revealed that Phe243 establishes a weak average interaction with 

T3243 (Figure 2A), −0.7 kcal/mol. We decided to inspect each of the four independent MD 

simulations to structurally understand this unexpected interaction. In the simulations, T3243 

spontaneously flipped back into the duplex by forming a new double t-stacking interaction 

with C3242 and Phe243 (Supplementary Figure 2A, B). The average F243-T3243 

interaction energy in these simulations was −1.2 kcal/mol. These data suggest that T3243 

flipping and C3242 flipping may be coupled via Phe243.

X-ray crystal structures of R162A, Y288A and F243A substitutions

The MD analysis indicated that Arg162 makes the strongest energetic contribution to the 

stability of the functional termination complex, and therefore helps explain the importance 

of this side chain for termination. The simulations also suggest a possible role of Phe243 in 

stabilizing the flipping of T3243, since we observed the base to spontaneously form a double 

t-stacking interaction with C3242 and Phe243 after partial reversion into the duplex 

(Supplementary Figure 2). This suggests that the functional termination difference might 

result from contributions of these residues to the base flipping process, which involves 

intermediates not observed in the WT crystal structure. Indeed, base flipping of three 

residues, combined with duplex unwinding, is likely to be a complex, multi-step mechanical 

process, and the importance of specific residues cannot be recapitulated by potential energy 

decomposition analysis of a single conformation.

We thus decided to crystallize each individual substitution in order to assess any 

conformational changes that would provide insight into the base flipping mechanism. Each 

structure was solved using the wild type (PDB: 3MVA) structure as a search model for 

molecular replacement. The structures were solved to a resolution of 2.6Å, 2.6Å and 2.5Å 

for R162A, Y288A and F243A, respectively. Crystallographic and refinement statistics are 

shown in Table 1.

The overlay of R162A (yellow) on wild type (gray) shows an altered conformation of the HS 

(Figure 3A). As expected (since Arg162 stacks with T3243 in the wild-type crystal 

structure) the conformation of T3243 is altered and located within the two DNA strands 

(Figure 3A). T3243 now interacts with Arg195 through a hydrogen bond and with Phe243 

through a t-stacking interaction. (Supplementary Figure 3A). Interestingly, C3242 fully 

swings out of the unwound DNA helix and occupies the space where the Arg162 side chain 

was in the WT structure (gradient arrows, Figure 3A). In addition, the conformation of 

C3242 is identical to that of the triple RFY mutant, both of which are devoid of termination 

activity [
22]. In contrast, the conformation of the LS remains largely unaltered:[

22] A3243 is 

stacked with Tyr288 in the same fashion as observed in the wild type structure (Figure 3A).
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By contrast, the loss of the stacking interaction with A3243 in the Y288A structure results in 

an altered conformation of the A3243 on the LS (Figure 3B). The overlay of Y288A (cyan) 

and wild type (gray) shows that the A3243 is only partially flipped out from the unwound 

DNA helix. Moreover, the conformation of the HS in the Y288A structure is also altered, but 

not as drastically compared with what was observed in R162A. Whereas the conformations 

of Arg162 and C3242 are similar to those observed in the wild type structure, T3243 is 

located within the helix as in the R162A substitution (Figure 3B, gradient arrow). The 

conformation of T3243 is very similar to that observed in the R162A substitution, forming a 

t-stacking interaction with Phe243 (Supplementary Figure 3A). However, the hydrogen bond 

with Arg195 is not observed, but instead T3243 interacts with its neighboring nucleotide 

through a hydrogen bond between O2 of T3243 and N4 of C3244 (3.4Å; Supplementary 

Figure 3B). Interestingly, the perturbation of the HS conformation resulting from a 

substitution that only directly affects the LS implies a coupling between the conformations 

of the LS and the HS.

Consistent with the severe termination defect, the structure of F243A reveals multiple 

alterations of both the LS and HS (Figure 3C). Phe243 forms a stacking interaction with 

C3242 in the wild-type structure and importantly, C3243 is the only everted base that is not 

fully extrahelical. As expected, in the F243A structure the conformation of C3242 is 

severely altered. The absence of the hydrophobic side chain seems to make the WT 

conformation of C3242 unstable and the Cytosine is now in a position where it is still 

forming Watson-Crick-like hydrogen bonds with its Guanine pair (Figure 3D). Interestingly, 

the conformation of T3243 is very close to that in the wild type structure, stabilized by 

stacking with Arg162. However, further stressing the coupling between HS and LS 

conformations, A3243 is located in a helical position.

Overall, these structures reveal that the conformation of C3242 closely correlates with 

termination activity, suggesting that the conformation of this base is critical to stabilize the 

transcriptionally active conformation of the protein. The structures also suggest that some of 

the aberrant conformations adopted by the MTERF1 substitutions can be stabilized by 

compensatory interactions, which presumably stabilize the final state sufficiently to enable 

close to wild-type termination activity in the case of Y288A.

One of the most striking observations from the structures is the conformation of C3242 in 

the F243A structure. As stated above, C3242 is still essentially base-paired with G3242, 

although the base pair is buckled (Figure 3D). This structure might reveal a conformation 

that represents an intermediate in the base flipping mechanism, and suggests a pathway for 

the movement of C3242 from its G-C base pair to the everted conformation observed in the 

wild type structure bound to DNA. Phe-mediated buckling is a conserved mechanism of 

base flipping in bacterial and human glycosylases [
37]. An overlay between the F243A and 

wild-type structures suggests that this transition is mediated by a conformational change of 

the side chain of Asp283 (Figure 3E). This residue interacts with the N4 of C3242 and 

appears to facilitate breaking the G/C pair and follow the movement of C3242 from its 

intrahelical position to its final position where it stacks with Phe243 and hydrogen-bonds to 

Glu280 (Figure 3E).
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Phe322 and Phe243 are important for the base flipping mechanism

As mentioned above, the F243A structure might represent an intermediate in the base 

flipping mechanism where A3243 is still located in an intrahelical conformation. 

Importantly, A3243 in this conformation is stabilized by a t-stacking interaction with Phe322 

(Figure 3F). Phe322 is not involved in any obvious interactions with the DNA in the final 

state captured in the wild-type crystal structure. Moreover, the energy decomposition finds 

no Phe322-DNA interaction stronger than 1 kcal/mol (Figure 2D). This indicates its role in 

stabilizing the functional complex is less important than Arg162 and Tyr288. Since the 

F243A mutant led to diminished termination activity and an altered DNA structure (Figures 

1C, D & Figure 3F), the energy decomposition deductively suggests that its role in function 

might be to stabilize recognition intermediates and base flipping. Both observations are 

consistent with the idea that Phe322 might be important to stabilize intermediate steps 

during base flipping.

Interestingly, in the R162A and Y288A structures, T3243 is located within the helix, 

adopting conformations that are likely intermediate in the base flipping process. Observing 

the environment of T3243 in those structures reveals a striking parallelism with the Phe322-

A3243 interaction seen in the F322A structure: Phe243 forms an analogous t-stacking 

interaction with T3243 (Supplementary Figure 3A). Similarly to what is observed with 

Phe322, no interactions are observed between Phe243 and T3243 in the wild-type crystal 

structure. The energy decomposition analysis, however, did indicate that Phe243 and T3243 

interact (1 kcal/mol) in the WT structure (Figure 2A and Supplementary Figure 2A).

Since the results of the MD simulations were based on the final WT functional state, the 

interactions observed in our substitution crystal structures provide new insight into the 

flipping mechanism. Our data suggests that both Phe243 and Phe322 play an important role 

in the base flipping process, helping to stabilize intermediates before the bases are flipped-

out of the helix. Interestingly, an overlay between the Y288A and F243A structures reveals a 

hypothetical intermediate during base flipping where both T3243 and A3243 are still 

between both DNA strands (Figure 4A). This suggests a model where Phe243 and Phe322 

intercalate between adjacent bases in the HS and LS, respectively, and stabilize their 

intrahelical conformations. Sequence conservation information analysis reveals the deep 

conservation of Phe322, supporting the functional importance of Phe322 as a wedge 

(Supplementary Figure 4), similar to that seen in glycosylases [
37]. Importantly, given the 

position of both phenylalanines, Phe322 and Phe243 appear to be important to help buckle 

and break the A3243/T3243 base pair (dashed arrow, Figure 4A).

To test this hypothesis, we constructed an F322A substitution and tested its biochemical 

effect on MTERF1 function using a termination assay as above. As can be seen (Figure 4B), 

F322A results in a large functional defect, almost of a similar magnitude to that observed 

with an F243A substitution. Given the analogous role that could be played by both residues 

(wedge), we then constructed a double F243A/F322A substitution to test whether MTERF1 

utilizes a double-wedge mechanism of base flipping. If this hypothesis was true, the double 

mutation should have an additive defect in termination activity. The resulting gels show that 

both substitutions indeed have additive effects, as the double mutant results in a protein 

severely impaired in its ability to mediate termination activity (Figure 4B).
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Phe322 and Phe243 play an important role in coordinating the base flipping mechanism

To further investigate the importance of Phe322 for the base flipping process, we decided to 

determine the structure of the F322A substitution. The structure was solved to 2.6Å 

resolution (Table I). Interestingly, despite the fact that Phe322 stabilizes LS intermediate 

conformations, the F322A structure (Figure 4C) reveals that the substitution results in a 

perturbed final state in which the LS is in a wild-type conformation, but where C3242 is 

located in an aberrant conformation outside the helix. Since Phe322 does not play a role in 

stabilizing the final conformation, this result further supports that the function of Phe322 is 

important during the base flipping process. Moreover, the fact that the F322A substitution 

results in alterations in the HS conformation, even though the residue would mainly appear 

to interact with residues in the LS, implies that intermediate LS conformations affect the 

base flipping process in the HS, substantiating that the mechanisms of base flipping in the 

HS and LS are coupled.

DISCUSSION

In this study we have biochemically, computationally and structurally characterized the 

importance of several key residues directly involved in the mechanism of base flipping by 

MTERF1. Consistent with the observation that sequence recognition is mostly mediated by 

direct readout [
38], base flipping is not strictly required for DNA binding by MTERF1. 

However, base flipping is important for MTERF1 transcriptional termination activity. 

Although the precise mechanism of termination is still unknown, base flipping presumably 

allows the protein to kinetically anchor itself to the termination sequence, allowing MTERF1 

to block the transcription machinery. This mechanism involves the eversion of three 

nucleotides, implying that the base flipping mechanism is likely complex. We have 

discovered that residues Tyr288, Arg162 and Phe243 that directly interact with each of the 

everted nucleotides are all important to stabilize the final state of base flipping. Eliminating 

these side chains results in altered conformations of the base-flipped state, highlighting the 

importance of π-stacking interactions in driving and stabilizing an intricate mechanism to 

flip out three bases. Our results also show that the three side chains are not equally critical 

for function. In the absence of key interactions observed in the wild-type conformation, 

MTERF1 adopts alternate binding modes that can maintain an appreciable amount of 

activity. The structural adaptation suggests that the MTERF1 binding mode is sufficiently 

flexible to support binding and at least partial termination activity in different sequence 

contexts. This might have implications for the alternate MTERF1 binding sites that have 

been characterized in the mitochondrial genome [
23], where the full consensus sequence 

observed in the wild-type crystal structure is not present.

MD simulations and energy decomposition of the WT MTERF1-DNA complex illuminated 

the importance of Arg162 in establishing multiple nonspecific interactions with the DNA 

backbone. These interactions presumably stabilize the kinked backbone of DNA between 

T3241 - C3242 and C3242 - T3243. The positive charge carried by the guanidinium group 

of Arg162 not only stabilizes the precarious geometry of 3 phosphate groups, but also 

mediates a destabilizing electrostatic force imparted onto the phosphate groups by the dipole 

of helix 2 of mterf motif 4. The energy analysis also led to a peculiar result that Phe243 
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established a weak, ~1 kcal/mol interaction with T3243. Upon inspection of the MD 

trajectories, we found that T3243 spontaneously reverted into a pseudo-helical position in 

which the pyrimidine ring t-stacked with C3242 and Phe243. The simulations suggested that 

the key residues hypothesized to be key for base flipping may serve to not only stabilize the 

final flipped state but also to, perhaps, stabilize the flipping process itself (Supplementary 

Figure 2).

To test these specific hypotheses, we solved the crystal structures of substitutions for all four 

residues (Arg162, Phe243, Tyr288, Phe322). Our crystal structures reveal altered 

conformations that might be representative of intermediate base flipping states, and thus 

provide information on the MTERF1 eversion mechanism. The structures reveal interactions 

not present in the final state of base flipping, and have allowed us to identify additional 

residues important for this process. Furthermore, the structures provide evidence that a high 

degree of coordination exists between base flipping events in the heavy and light strands.

A key mechanism that appears to be at the core of this coordination is related to the role of 

two phenylalanine side chains, Phe243 and Phe322. In addition to the role of Phe243 

stabilizing C3243 in the final state, these residues help stabilize intermediate conformations 

during base flipping. As we have shown, alterations to this phenylalanine-mediated 

mechanism lead to perturbations in the conformation of the final state, and reveal 

adjustments in the coupling between HS and LS conformations. Furthermore, the structures 

provide details on the nature of this mechanism. For instance, Phe243 appears to stabilize 

the intrahelical conformation of T3243. Once T3243 is flipped out of the DNA helix, 

Phe243 interacts exclusively with C3242. However, Phe243 is able to simultaneously 

interact with both residues, as shown in the Y288A structure (Supplementary Figure 3B) and 

MD simulations (Supplementary Figure 2), implying that base flipping in the HS follows a 

stepwise mechanism. Thus, C3242 is first delivered to its final position through a network of 

interactions involving Asp283 (Figure 3D), while Phe243 stabilizes the intrahelical 

conformation of T3243. Similarly, Phe322 stabilizes the intrahelical conformation of A3243, 

preceding base flipping. The importance of Phe322 for base flipping in the HS suggests that 

this intermediate conformation must be at least transiently maintained in order to properly 

coordinate HS base flipping. Although the exact mechanism(s) by which HS-LS coordinate 

base flipping is still unclear, our data illuminate the importance of a network of hydrogen 

bonds (Asp283 and Arg195) and sequential t-stacking and π-stacking interactions between 

Phe243, Phe322, T3243 and C3242. We demonstrate that the absence of Phe322 leads to 

perturbed base flipping, suggesting that this residue is important for coordinating the steps 

preceding base flipping and in conjunction with Phe243, seem to be important in buckling 

the A3243/T3243 base pair.

Based on our observations we are able to propose an ordered step-wise model for the base 

flipping mechanism. Helped by the helix unwinding that occurs upon MTERF1 binding to 

its target sequence, the first crucial step is the intercalation of Phe322 and Phe243, which 

stabilize the intrahelical conformations of A3243 and T3243 and buckle the base pair, 

similar to the phenylalanine wedge (F-wedge) in glycosylases [
37]. The formation of a 

hydrogen bond between Asp283 and C3242 destabilizes the Watson-Crick hydrogen bonds 

between C3242/G3242, extrudes C3242 from the helix, and subsequently delivers the C3242 
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to its final conformation. Since the final conformation of C3242 is incompatible with the 

intrahelical conformation of A3243, it is likely that the motion of C3242 towards Phe243 is 

coupled with A3243 flipping. Lastly, the interaction between Phe243 and C3242 provide a 

hydrophobic pocket along the trajectory by which T3243 would flip out of the duplex 

(Figure 5).

Our structural observations recapitulate our step-wise model for the mechanism of MTERF1 

base flipping. For example, the coupling of the C3243 motion to A3243 flipping is 

consistent with the conformations observed in the F243A structure, where in the absence of 

the motion of C3242 towards Phe243, A3243 is located within the duplex and stabilized by 

Phe322. Furthermore, any alteration to this mechanism results in an altered final 

conformation. For instance, decoupling C3242 from the flipping of A3243 in the F322A 

structure, or premature base flipping of C3242 in the R162A structure, results in an aberrant 

conformation of C3242 that prevents T3243 from flipping out of the duplex. Moreover, 

incomplete base flipping of A3243 due to the absence of the Tyr288 side chain is coupled to 

T3243 base flipping through a parallel mechanism.

In summary, we have shown that the eversion of three nucleotides by MTERF1 is a complex 

multi-step process that is important for transcriptional termination. However, we have 

demonstrated that this process is relatively flexible, and that some conformations are 

consistent with a certain degree of termination activity. This might explain the residual 

termination activity observed in pathogenic mtDNA mutations like A3243T [
22] [20], 

suspected to affect base flipping. Importantly, base flipping involves not only residues that 

stabilize the final base flipped state but also residues responsible for establishing 

intermediate interactions that are important in coordinating this tightly coupled process. Our 

work has taken an important step towards elucidating the complete mechanism underlying 

the process of base flipping that takes place in MTERF1. Since the base flipping process 

might be more tolerant of sequence alterations than previously thought, structural adaptation 

also has implications for the ability of MTERF1 to perform putative additional roles at 

alternative binding sites as has been previously suggested. It is of interest to note that wedge 

residues with bulky hydrophobic side chains – phenylalanine in particular – are conserved in 

bacterial (Fpg) and human (hoGG1) glycosylases to flip nucleobases from within a duplex 

for DNA damage repair. The biochemical nature of phenylalanine may therefore be an 

evolutionary solution to the problem of base flipping and our work underscores the role of 

phenylalanine in the rare 3 nucleotide eversion process.

MATERIALS AND METHODS

Mutagenesis, Protein Expression & Purification

Wild type MTERF1 (residues 57–399) was expressed as a fusion with maltose binding 

protein (MBP) and a 6X His tag [
22]. MTERF1 substitution constructs were created using the 

QuikChange Site-Directed Mutagenesis protocol (Stratagene, La Jolla, CA). PCR products 

were cleaned using the MinElute PCR purification cleanup kit (Qiagen) and successful 

mutagenesis was confirmed by DNA sequencing. Expression and purification of all 

MTERF1 substitutions were carried out as previously described [
22].
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Transcription termination

Transcription assays were adapted from Asin-Cayuela [
39] and described in Yakubovskaya, 

et al [
22]. Briefly, a circular template DNA plasmid (pet 22b, Novagen) containing the heavy 

strand promoter (HSP) and the MTERF1 binding sequence 100bp downstream in reverse 

orientation with respect to HSP was linearized with HindIII. The template DNA was then 

incubated with MTERF1 (0.8pmole, 0.4pmoles or 0.2pmoles), rNTPs (0.4mM ATP, 

0.15mM CTP and GTP, 0.01mM UTP), DNA template (30ng, 8.3nmoles), 0.5ul (5uCi) of 

α-32P labeled UTP and the initiation machinery TFAM (0.4fmoles), TFB2 (0.2fmol) and 

POLRMT (0.2fmol) and transcription buffer (150mM KCl, 20mM Hepes pH8.0, 5mM DTT, 

1mM EDTA and 10mM MgCl2) in a total reaction volume of 20ul. The reaction was carried 

out for 30 minutes at 32°C and stopped using 100ul of 1%SDS, 20mM EDTA, 300mM 

Sodium Acetate and 20ug Calf thymus DNA. The samples were then ethanol precipitated 

and run on a 5% UREA-PAGE gel. The gel was dried and exposed to a phosphorimager 

(Amersham Biosciences) and scanned using the Typhoon FLA 9000 scanner and software 

package (V1.2, GE). Each experiment was repeated at least three times. Densitometry 

analysis was performed using the ImageQuant TL (GE) software and for each gel a control 

lane (no MTERF1) was used to account for background and subtracted from the termination 

band. In addition a correction factor was applied to account for the increased UTP 

incorporation observed in the runoff band and the percentage termination was calculated. 

Graphs were made using Prism 5 for Mac OS X version 5.0c.

X-ray Crystallography

The wild type 22mer DNA oligo was added to each of the MTERF1 substitution proteins for 

a final ratio of 2.5:1 and diluted with buffer containing 200mM KCl, 20mM Hepes pH8.0, 

1mM DTT and 1mM EDTA. Crystals were grown using the hanging drop vapor diffusion 

method at room temperature in 2ul drops containing a 1:1 ratio of reservoir solution (0.2M 

Sodium acetate, 0.1M Tris HCl pH 8.0, 15.5% Peg 4000) for R162A, Y288A, F243A and 

F322A to the protein/DNA mixture. Crystals were cryoprotected using 25–30% ethylene 

glycol and flash frozen in liquid nitrogen. Diffraction data was collected using the x9, x25 

and x29 beamlines (Table 1) at the National Synchrotron Light Source (NSLS, Upton, NY). 

Data were then processed using XDS [
40] and Scala/AIMLESS, carried out within the 

autoPROC toolbox [
41]. Molecular replacement (MR) and refinement was then performed 

using MOLREP [
42] and REFMAC5 [

43,44] in the ccp4 software suite [
45] and manual model 

building was done using COOT [
46]. Figures were made using pymol (The PyMOL 

Molecular Graphics System, Version 1.5.0.4 Schrödinger, LLC).

MD simulations

System Preparation—We prepared chemical topologies and coordinates for the WT 

MTERF1-DNA complex based on the previously published crystal structure, PDB ID 

3MVA [
22]. The unassigned N-terminal glutamate and aspartate residue side chains of the 

crystal structure were built using Amber libraries [
36]. MolProbity [

47] was used to analyze 

all rotamers. We selected the A conformation of Ser292. Hydrogen atoms were added using 

standard procedures in Amber [
36]. We used a truncated octahedron solvent with a minimum 

10 Å buffer from any solute atom to edge of the periodic box. This fully solvated system was 
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61042 atoms and its dimensions were used to determine that 83 K+/Cl− ions be added to 

mimic the in vitro 0.2 M concentration; 32 neutralizing K+ ions were also added. Ion 

placements were randomized. The in silico R162A mutation followed the exact procedure as 

above, except the sidechain atoms of R162 were replaced by a methyl.

Equilibration and production MD—We equilibrated the system using restraints to only 

atoms resolved in the crystal structure, except crystallographic water. In stage 1 we 

minimized the model with complete force evaluations, periodic boundary conditions, and a 

non-bonded interaction cutoff of 8.0 Å, for 10,000 steepest descent steps; atomic coordinates 

from the crystallographic model were positionally restrained with a force constant of 100 

kcal/mol Å2 to their initial coordinates. In stage 2 we linearly ramped the temperature from 

100 K to 300 K over 200 ps, with SHAKE [
48] constraints on all bonds involving hydrogen; 

we used the Berendsen thermostat [
49] with temperature and pressure bath coupling 

constants of 0.1 ps−1, with a force constant of 100 kcal/mol Å2 to the minimized structure, 

integrated over 1 fs steps, and velocities initialized. In stage 3, we resumed the second stage 

velocities and thermostat at 300 K with the same coupling constants but with pressure held 

constant, a 100 kcal/mol Å2 positional restraint force constant to the final structure from 

stage 2, was used for 100 ps. In stage 4, we resumed conditions from stage 3 but with 0.5 

ps−1 pressure and temperature bath coupling constants and weaker positional restraint force 

constant of 10 kcal/mol Å2 to the final structure from stage 3 for 250 ps. In stage 5, we 

changed the restrained atoms to only MTERF1 backbone (CA, N, C) or DNA backbone 

(O5′, C5′, C4′, C3′, O3′, O2P, O1P, P, O4′, C2′, C1′) atoms with a force constant of 10 

kcal/mol Å2 to the final structure from stage 4, for 10,000 steps. In stage 6 we use identical 

conditions as stage 4 but with a 10 kcal/mol Å2 restraint force constant to the final structure 

from stage 5 for 100 ps. In stage 7, we resumed velocities and conditions from stage 6 with a 

weaker 1 kcal/mol Å2 restraint force constant to the final structure from stage 6 for 100 ps. 

In stage 8, we resumed from stage 7 and restrained to its final structure with a force constant 

of 0.1 kcal/mol Å2 for 100 ps. In the final stage of equilibration, free of restraints, we 

resumed the conditions and velocities from stage 8 for 250 ps. Production dynamics 

resumed velocities and conditions from the final equilibrated structure, with the integration 

step increased to 2 fs, sampling for 1 ns. Equilibration and production calculations utilized 

the single precision-double precision PMEMD implementation of SANDER for graphical 

processing units (GPUs), release 14 by Le Grand et al.[
50]; the minimization calculations 

utilized the CPU implementation of PMEMD. Four independent trajectories were generated 

by utilizing different random seeds for velocity initialization in stage 2 of the equilibration.

Energy decomposition—For each of the four independent 1 ns production trajectories of 

the WT MTERF1-DNA complex, pair-wise per residue potential energy decomposition was 

performed using the following standard procedures [
37]. We used AMBER energy 

decomposition [
51] to calculate the pairwise per-residue interaction energies, Ḡ = ĒMM + 

ḠGBSA − TSMM,[
52] where ḠGBSA = GELE + γA, with GELE calculated using the 

Generalized Born model of Onufriev, Bashford and Case [
53], A the solvent accessible 

surface area calculated using icosahedral recursion [
54], and the scaling factor γ set to 0.005 

kcal/molÅ2 [55]. TSMM was assumed to contribute negligibly to the energy [
52] and EMM 

only included the electrostatic and van der Waals energies [
51]. For each of the four residues 

Byrnes et al. Page 12

J Mol Biol. Author manuscript; available in PMC 2017 June 19.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



R162, F243, Y288, and F322, we calculated the interaction energy, Ḡ, of all the atoms 

within the residue to all the atoms in each of the nucleotides, leading to 44 residue-

nucleotide energies for each of the 2000 MD snapshots (1 ns). Each residue-nucleotide 

interaction was averaged and standard deviations calculated to estimate data precision. 

Poisson-Boltzmann electrostatic surfaces were calculated using standard procedures in 

Amber. The dipole of helix 2 was calculated by including only the backbone atoms of the 

helix. Figures were generated using VMD version 1.9.1[56].

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Highlights

• MTERF1 mediates a complex 3-base flipping process stabilized by stacking 

interactions

• Phe322 and Phe243 act as wedge residues preparing the DNA for flipping

• The mechanism of flipping 3 nucleotides occurs in a stepwise manner

• Perturbations to the stepwise mechanism alter MTERF1 termination ability
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Figure 1. 
(A) Schematic representation of the 22bp binding sequence of MTERF1 located within the 

leu-tRNA gene. The three everted nucleotides are highlighted in magenta and the stacking 

interactions are shown. (B) Wild type (PDB: 3MVA) structural conformation of the base-

flipped region (see Supplementary Figure 1 for overall view of MTERF1 structure). The 

crystal structure reveals an interaction between Arg162 and the DNA backbone (2.6 Å) in 

addition to the interaction with T3243 (T) that seems to stabilize a critical kink in the DNA 

backbone at the site of base flipping (black arrow). (C) Transcription termination assays 

were run on a 5% UREA-PAGE gel. Full length (FL) and termination (T) bands are shown 

for each of the individual stacking substitutions. (D) The percentage termination by each 

MTERF substitution was calculated for each concentration and the values correspond to the 

mean +/− SEM from three independent experiments.
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Figure 2. 
Pairwise per-residue potential energy decomposition analysis showing the interaction 

energies between Phe243, Tyr288, Arg162 and Phe322 and the DNA. (A) Phe243 π-stacks 

with C3242 (−3.6 kcal/mol) as would be expected from the WT crystal structure. 

Unexpectedly, T3243 interacted with Phe243 (−0.7 kcal/mol averaged over all 4 simulations; 

−1.2 kcal/mol for one simulation in which T3243 flipped-in). (B) Y288 π-stacks with A3243 

(−5.0 kcal/mol). (C) Arg162 and the HS. Arg162 interacts most strongly with T3241 (−11.1 

kcal/mol) but also interacts with C3242 (−2.8 kcal/mol) and T3243 (−3.0 kcal/mol). (E) The 

Poisson-Boltzmann electrostatic potential energy surface of the DNA after the second stage 

of equilibration, using default parameters in Amber14 [
35,36] and (F) the identical calculation 

except with Arg162 mutated to A. Panels E and F are colored from −6 kcal/e (red) to +6 

kcal/e (blue). Comparison of E and F shows that Arg162 adds a positive electrostatic force 

on the T3243 nucleobase and the backbone of C3242. In the absence of Arg162 (R162A), 

the electrostatic potential of helix 2 becomes more negative near the negative DNA 

backbone, an unfavorable configuration that should not be stable in an R162A mutant.
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Figure 3. 
X ray crystal structures of the R162A, Y288A and F243A substitutions. Panels A–C 

represent identical views of the base flipping region within the R162A, Y288A and F243A 

structures, respectively. Panels D–F represent regions within the F243A crystal structure. An 

overlay of wild type (gray) with (A) R162A (yellow and orange), (B) Y288A (cyan and 

blue) and (C) F243A (green and magenta). Alterations of the base-flipped nucleotides from 

their wild type conformations are highlighted with gradient arrows. (D) The F243A structure 

demonstrates the inability of C3243 to form a stacking interaction with Phe243 and reveals 

C3242 in a perturbed conformation yet, still associating with its G base pair as denoted by 

the hydrogen bond distances. In addition, a new contact with Asp283 and C3242 forms as 

the G/C base pair is being broken. (E) An overlay of wild type (gray) with the F243A 

structure (green and magenta) demonstrates a pathway for the movement of C3242 from its 

G/C base pair to its wild type conformation stacked with Phe243 and hydrogen bonded to 

Glu280. Note the alteration of the Asp283 side chain in the F243A structure (magenta, 

gradient arrow) that follows the movement of C3242, indicating its role to help break its G/C 

base pair. (F) An overlay of wild type (gray) with the F243A structure that demonstrates the 

intrahelical conformation of A3243 (green gradient arrow) that is stabilized by an altered, 

intrahelical conformation of Phe322 (magenta gradient arrow).
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Figure 4. 
(A) A composite structure of the F243A light strand DNA (green) with the Y288A heavy 

strand DNA (yellow) demonstrates that both Phe322 and Phe243 play a role in A/T base pair 

separation. (B) Termination assays for the F322A substitution and the double F243A/F322A 

substitutions. The bar graph values correspond the mean +/− SEM percentage termination 

from three independent experiments. (C) X-ray crystal structure of the F322A substitution 

(orange and magenta) with wild type (gray). The perturbed base flipping observed in this 

structure (gradient arrows) suggests Phe322 plays a role in coordinating proper flipping of 

the heavy strand nucleotides.
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Figure 5. 
Proposed model for the stepwise order of base flipping by MTERF1. Upon MTERF1 

binding, helix unwinding and the intercalation of Phe243 and Phe322 into the two DNA 

strands, the A/T base pair is broken. C3242 (red, Step1) breaks away from its G base pair 

and moves towards the Phe243. Secondly, as C3242 moves, the motion is coupled to the 

flipping of A3243 (red, Step2) towards Tyr288. Concomitantly as C3242 moves over 

Phe243 and forms a π-stacking interaction, T3243 begins to break its t-stacking interaction 

with Phe243 and starts to move out of the helix (red arrow, Step 2). Lastly, as C3242 

becomes stably oriented over Phe243, T3243 is able to fully break its interaction with 

Phe243 and move out of the helix and interact with Arg162 (red, Step3).
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Table 1

Data-collection and refinement statistics. Values in parentheses are for highest resolution shell.

R162A Y288A F243A F322A

Data Collection

PDB Code 5CKY 5CO0 5CRK 5CRJ

Rmerge 0.066 (0.807) 0.054 (0.786) 0.037 (0.708) 0.042 (0.825)

Rmeas 0.073 (0.873) 0.060 (0.840) 0.041 (0.773) 0.047 (0.89)

Rpim 0.037 (0.444) 0.031 (0.437) 0.021 (0.388) 0.024 (0.452)

No. of total observations 143906 (1384) 137707 (1338) 166530 (1592) 149721 (1562)

I/σI 25.4 (2.8) 27.3 (2.6) 34.1 (2.9) 29.1 (2.5)

CC1/2 0.999 (0.823) 1.0 (0.793) 0.999 (0.851) 1.0 (0.787)

Completeness % 100 (100) 99.8 (100) 99.3 (100) 100 (100)

Multiplicity 7.3 (7.4) 7.2 (7.2) 7.3 (7.5) 7.2 (7.4)

Cell Dimensions (a,b,c) 88.22, 91.6, 159.10 87.53, 90.43, 169.50 89.25, 90.14, 161.43 89.15, 90.19, 160.85

α,β,γ 90, 90, 90 90, 90, 90 90, 90, 90 90, 90, 90

Space Group C2221 C2221 C2221 C2221

Resolution Å 2.62 2.59 2.48 2.59

Refinement

Rwork/Rfree 0.21/0.26 0.21/0.27 0.24/0.27 0.21/0.28

R.m.s.d Bond Angles Å 1.698 1.588 1.692 1.580

R.m.s.d. Bond Lengths Å 0.012 0.012 0.013 0.011

Average B- factor 53.18 60.866 69.086 72.032
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