Received: 11 December 2017

Revised: 5 June 2018

Accepted: 22 June 2018

DOI: 10.1002/prot.25573

RESEARCH ARTICLE

Wl [LEY BEROIEINS

Human telomerase protein: Understanding how the catalytic
activity is suppressed under single substitutions of some
conserved residues. A computational study

Fernando E. Herrera® | Silvano J. Sfercol?

1Physics Department, Facultad de Bioquimica
y Ciencias Bioldgicas, Universidad Nacional del
Litoral. Ciudad Universitaria, Santa Fe,
Argentina

?|nstituto de Fisica del Litoral (IFIS Litoral,
UNL-CONICET), Santa Fe, Argentina

Correspondence

S.J. Sferco, Instituto de Fisica del Litoral (IFIS
Litoral, UNL-CONICET), Guiemes 3450, 3000
Santa Fe, Argentina.

Email: silvano.sferco@santafe-conicet.gov.ar

Funding information

Universidad Nacional del Litoral , Grant/Award
Numbers: CAI+D 2011: Pl 501 201101 00438
and CAID+D 2016: PIC 504 201501 00063 LI

1 | INTRODUCTION

Abstract

The reverse transcriptase domain in telomerase proteins contains the essential conserved resi-
dues to catalyze the addition of a single nucleotide to the ends of DNA strands of most eukary-
otic cells. In human telomerase protein, mutations in the conserved residues K902, R631, K626,
D712, D868, and D869 are known to suppress catalytic activity. To understand these results, a
computational model was constructed to simulate a ternary complex consisting of a model of
the protein reverse transcriptase domain, a DNA/RNA double helix, an incoming dNTP, and two
Mg2* ions. Three independent Molecular Dynamics Simulations were performed for the wild
type and the mutated K902N, R631Q, D712A, D868A, and D869A complexes. Binding Free
Energies and alanine-scanning studies were also performed. Using the two-metal-ion mecha-
nism for the nucleotide addition, deviations from the wild type which stop the activity of the
human protein, were identified in each mutated complex. The K902N and R631Q mutations
might stop the catalytic activity preventing the exit of the pyrophosphate from the catalytic
pocket. Additionally, evidence that the same mechanism probably applies to the K626A, R631A,
and K902A mutations is presented. For D712A mutation, the pentavalent intermediate state
might not form; therefore, the catalytic reaction might not even begin. For the D868A mutation,
the O3’-hydroxyl might lose coordination with the Mg ion and the reaction might not either
start. Finally, from the limited sampling carried out in this work, we did not obtain any evidence
to identify the mechanism by which the D869A mutation cancels the activity of telomerase.
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interest in the telomerase enzyme, being considered a target for drugs

against cancer.>®

Telomerase is a ribonucleoprotein enzyme responsible for maintaining
the length and integrity of telomeres in most eukaryotic cells. It cata-
lyzes the addition of a new deoxynucleotide to the 3’ end of a DNA
strand, using an RNA template. It is a reverse transcriptase enzyme,
minimally formed by a protein subunit called Telomerase Reverse
Transcriptase (TERT) and by a RNA subunit (TER) containing the tem-
plate.! Telomerase activity in humans was observed in germline cells,
but it was practically absent in normal somatic cells,? suggesting a pos-
sible role in aging.®* On the other hand, telomerase activity was

observed in many human cancer cells.?2 These findings raised the

In TERT proteins, four general domains may be recognized: the
N-terminal (TEN), the telomerase RNA-binding (TRBD), the reverse
transcriptase (RT), and the C-terminal (CTE) domains (outlined in Sup-
porting Information Figure S1). Although all domains are necessary for
the catalytic activity of the enzyme, the RT domain is responsible for
the reverse transcriptase activity itself. The RT domain includes sev-
eral conserved motifs (1, 2, A, B/, C, D and E), similar to those already
known for nontelomerase RT proteins.”® Each motif is characterized
by one or two evolutionarily conserved residues. In the case of human
TERT (hTERT) protein, the conserved residues are: K626 (motif 1),
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R631 (motif 2), D712 (motif A), Q833 and G834 (motif B’), D868 and
D869 (motif C), K902 (motif D), and G932 (motif E),” also shown in
Supporting Information Figure S1.

The experimental three-dimensional (3D) structure at atomic level
for the RT of human TERT protein remains unknown. The only 3D
structure experimentally known at this level for a TERT including the
RT domain corresponds to the red flour beetle Tribolium castaneum. It
was obtained using X-ray diffraction in two configurations: the protein
alone (PDB ID codes 3DU5 and 3DU6, with resolutions of 3.25 A and
2.71 A, respectively)® and forming a complex with a DNA/RNA hybrid
helix (PDB ID code 3KYL, with a resolution of 2.7 A).2° For the case of
human telomerase, the Cryo-Electron Microscopy (EM) structure of
the substrate-bound holoenzyme was very recently published, achiev-
ing a reconstruction with a resolution of 7.7 A, when the 3D structure
of the telomerase protein of T. castaneum was used to fit into its
Cryo-EM density.**

Additional structural insights may be obtained from other nonte-
lomerase RT proteins, in particular, for the known RT of HIV-1 in com-
plex with double-stranded nucleic acids. Structural comparison of the
RNA/DNA bonded TERT from T. castaneum and HIV-1 RT proteins
showed similarity in the overall domain organization and nucleic acids
binding.”1° Similarly to the HIV-1 case,*? the 3D structure of the RT
domain in telomerases is described in terms of a human right hand
model, with subdomains called fingers, palm and thumb. Motifs 1 and
2 are in the fingers, motifs A, B/, C, D, and E are in the palm and the
CTE domain is forming the thumb subdomain.? In both, HIV-1 and
TERT, the triad of conserved aspartates (one from motif A, and the
two consecutive ones from motif C), define what is called the active
site of the protein, whereas the nucleotide-binding pocket is located at
the interface of the fingers and palm subdomains.”1%1213 Further-
more, this active site is quite similar to the already identified active
site in DNA-dependent DNA polymerases, which is coordinated by
two metal ions. Therefore, we consider that the two-metal-ion cata-
lyzed mechanism proposed for the nucleotide addition reaction in
polymerases,'*° is also valid for the TERT proteins as well.>¢ The
two-metal-ion mechanism is schematically presented in Figure 1 for
hTERT. Two Mg?* ions are supposed to be coordinated by the three
conserved aspartates, by the phosphates of an incoming dNTP and by
the 3’-hydroxyl of the DNA primer. The phosphoryl transfer reaction
is assumed to include an intermediate pentavalent transition state on
the P, atom, followed by the formation of a new phosphodiester bond
(with a new deoxynucleotide attached to the primer) and the release
of inorganic pyrophosphate (PP).**'° In this work, we used two-
metal-ion mechanism in an attempt to gain insight into the molecular
details involved when some conserved residues of RT domain are sin-
gly mutated, causing the drop of telomerase activity.

Below, we briefly review the results published on the mutations
on the RT conserved residues of hTERT that cancel its telomerase
activity (less than 1% of wild type). The catalytic activity of hTERT
drops when any of the three Asp conserved residues mutate to Ala.'”
Additionally, for the in vitro reconstituted hTERT, its activity was also
monitored in the presence of point mutations. Results show that
reconstituted telomerase activity in human telomerase is negligible
when mutations in any of the three conserved Asp,*® or mutations to
Ala in any of the D712, D868, K626, R631 residues? are present.

Studying some genetic human diseases, other point mutations that
also abolish the activity of human telomerase were identified. The
K902N mutation was related to the autosomal dominant dyskeratosis
congenita disease and to the haploinsufficiency of telomerase.°
Moreover, point mutations of K902 residue to Ala, Asn, or GlIn, pro-
vided no evidence of telomerase activity.?° Likewise, the R631Q point
mutation, which also abolishes telomerase activity, was related to sev-
eral diseases: autosomal dominant dyskeratosis congenita,?! myelo-
dysplastic syndrome,?? acute myeloid leukemia,?® and idiopathic
pulmonary fibrosis disease.?® In summary, concerning the catalytic
activity of hTERT, the point mutations of residues K902, R631, and
K626 appear to be as crucial as the mutations in any of the aspartic
acid residues.

From the theoretical point of view, a 3D theoretical model for the
complete hTERT protein was published several years ago.2* The aim
of that work was to understand the processive mechanism of human
telomerase. Unlike that work, this paper focuses on the RT domain of
hTERT and on single amino acid substitution of its conserved residues.
Therefore, we decided to start from scratch and to develop a model
by ourselves. A comparison will be made in section 3. The processive
mechanisms of telomerase will not be addressed in this work.

The original goal of this paper was to understand why mutations
K902N and R631Q (involved in several genetic diseases) abolish the
activity of human telomerase. Motivated by our findings, we extended
the analysis to include the mutations of the conserved triad of aspartic
acids as well. With these purposes, a theoretical model for the RT
domain of hTERT was obtained applying standard homology methods.
It was used to build ternary chimeric complexes that were further
refined by Molecular Dynamics (MD) simulations. Three systems were
studied thoroughly: (i) wild type (WT) hTERT complex, (i) K902N
point mutated complex and, (iii) R631Q point mutated complex. Two
configurations were analyzed: Configuration | (C-1) just before the cat-
alytic reaction took place (Figure 1A), and Configuration Il (C-Il),
immediately after the reaction occurred, with the release of PP;
(Figure 1B). The MD trajectories were further analyzed calculating the
Binding Free Energies, using the Molecular Mechanics-Generalized
Born Surface Area (MM-GBSA) method. Additionally, the alanine-
scanning method was used on the K902, R631, and K626 residues.
Finally, we considered complexes that have mutations to Ala in the
conserved Asp residues (D712A, D868A, and D869A) studied in C-I.
Additionally, these complexes were also used to perform new short
MD simulations starting from a distorted configuration in order to
check the stability of C-l. Comparing the results from WT and
mutated complexes, we are able to gain certain understanding of the
atomic mechanisms by which mutations on the K902, R631, K626,
D712, or D868 conserved residues abolish telomerase activity.

2 | MATERIALS AND METHODS

21 |

In order to model the 331 residues of the RT domain of hTERT
(UniProt code: 014746; RT domain: 605-935), the following proce-

dure was followed: (1) Confirmation of conserved motifs and residues:

Homology modeling
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FIGURE1 Schematic representation of two configurations for the WT complex system studied in this work. A, Configuration | (C-l), just before
the catalytic reaction occurs, with RT-hTERT protein (represented by the lateral chains of the conserved aspartates), the DNA primer (represented
by the DNA[n-1], the last nucleotide of the primer), the incoming dNTP (represented by the dGTP) and two Mg?" ions, all placed at their catalytic
site. B, Configuration Il (C-11), just after the catalytic reaction takes place, showing RT-hTERT protein (represented as in A), the DNA primer
(represented by two deoxynucleotide, with the last nucleotide, DNA[n], recently included), inorganic pyrophosphate (PPi), and two Mg?* ions. For
clarity, the RNA template and water solvent molecules are not shown [Color figure can be viewed at wileyonlinelibrary.com]

using the M-coffee meta server,2> a multi sequence alignment among
RT of telomerases of several species (known at the protein level) and
the RT of HIV-1 protein was made and subsequently inspected manu-
ally (Supporting Information Figure S2). The results of our multise-
quence alignment agree with previous studies in the literature.®? In
particular, the same conserved residues mentioned in the Introduction
were found. (2) Search of the homologous template: It was performed
using the HHserver.2® The RT domain of TERT of T. castaneum (PDB
codes: 3DU5, 3DU6, and 3KYL, the same protein in all cases)”° was
identified as a possible template, with 24% of sequence identity with
the RT hTERT target. (3) Protein 3D modeling: due to the low percent-
age of sequence identity obtained, the fold recognition modeling
package I-TASSER was used.?”?8 A search for templates using differ-
ent threading methods is made by this method, obtaining the RT of
T. castaneum as template (the same PDB codes mentioned above) in
all cases. Using ten different alignments with the same template, I-
TASSER obtains five 3D models ranked by the C-score values.?”%®
These models were further refined using the High Resolution Protein
Structure Refinement package implemented in the ModRefiner
server.?? Finally, the models were further screened by physicochemi-
cal and statistical approaches, as well as for their ability to bind a dou-
ble helix, like those found in T. castaneum (PDB code 3KYL)'® and in
the RT of HIV-1 (PDB code 1RTD).X® Supporting Information
Figure S3 (top panel) shows our final 3D homology model obtained
for the RT of hTERT, validated in color code, using the QMEAN qual-
ity estimation method.>® The zoom in Supporting Information
Figure S3 shows the lateral chains of the conserved residues, all of
them forming the nucleotide-binding pocket. The zone nearest the

three lateral chains of the aspartates is the catalytic site of

telomerases. The Insertion Finger Domain (IFD in Supporting Informa-
tion Figure S1) is poorly modeled since the IFD of the template is
notably shorter than that in humans. However, and similarly to what
was found in T. castaneum, in our model the human IFD folds outside
the nucleotide-binding pocket. Moreover, the catalytic site and the
nucleotide-binding pocket are acceptably modeled according to
QMEAN (Supporting Information Figure S3, top panel). Finally, this
homology model of RT hTERT was used to build the complexes with
DNA/RNA studied in this work.

2.2 | Complex formation: (RT hTERT protein +
DNA/RNA + dGTP +2 Mg?* ions)

The RT domains of the T. castaneum (PDB code 3KYL)'® and HIV-1
(PDB code 1RTD, p66 subunit),'® show quite a good structural super-
position, in particular, for the catalytic pocket region (not shown).
Moreover, the nucleotide double helices, even if they are of different
kinds (hybrid DNA/RNA in 3KYL, but a double helix dideoxy-DNA/
DNA in 1RTD) also appeared remarkably superposed in the catalytic
region. A similar agreement was found for the position of one of the
Mg?* ions (only one crystallized in 3KYL, but two of them in 1RTD).
Furthermore, the catalytic pocket of our RT hTERT protein model also
fits very well into the RT structure of T. castaneum (from where it was
derived) and the HIV-1. Because of all these superposition agree-
ments, a chimeric complex: protein-DNA/RNA-dNTP-2 Mg?* ions
was built, assembling different parts from different sources, at the
positions dictated by the superposition. Therefore, the hybrid double
helix of DNA/RNA from T. castaneum (3KYL), and the incoming dNTP
together with Mg2* ions, both from HIV-1 RT (1RTD), were attached
to the obtained protein RT model. In particular, the incoming dNTP
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taken from HIV-1 superpose very well with the last nucleotide of the
primer DNA in the hybrid DNA/RNA of T. castaneum. Then, in our
complex, the last nucleotide in the DNA primer of T. castaneum was
replaced by the incoming nucleotide taken from the HIV-1 structure.
The DNA/RNA from T. castaneum is just an engineering continuous
strand that forms a double helix when crystallized, with Watson-Crick
(WC) binding pairs except at the n-1 position, where a Hoogsteen
base pair is found. In our model, the hybrid DNA/RNA double helix of
T. castaneum was cut and only the nine base pairs located in, and
directed away from the catalytic site were conserved. The Hoogsteen
pair was changed to be a WC pair. The nucleotide sequences of
DNA/RNA of T. castaneum were further adapted to the human case.
Likewise, the incoming dNTP was changed from the dTTP (HIV-1 case
in 1RTD), into a dGTP (corresponding to the human case). Therefore,
using the procedure described above, a chimeric ternary complex for
RT hTERT was built. Figure 1 schematically presents only the relevant
parts for the catalytic process of this complex. Figure 1A depicts the
C-l that corresponds to the dGTP placed at the catalytic site, just
before the phosphodiester bond reaction occurs. On the other hand,
Figure 1B schematically presents the C-ll corresponding to the config-
uration just after the catalytic reaction was completed, when the
dGTP was broken in a dGMP (incorporated to the DNA strand), and

an inorganic PP;, to be released from the catalytic pocket.

2.3 | Molecular dynamics simulations

All MD simulations were performed using the AMBER package ver-
sion 12.3173% parameters from the Amber ff12SB force field were
used®! for all protein residues and standard nucleotides; the parame-
ter for the magnesium ions were taken from Ref 35, while parameters
for dGTP were taken from Ref 36. Periodic boundary conditions were
taken into account in all simulations. A weak-coupling algorithm®” was
used to couple the simulation boxes with an isotropic pressure of
1 atm and a reference temperature of 300 K. Relaxation times were
chosen to be 5 ps and 2 ps for pressure and temperature coupling,
respectively. All bonds involving hydrogen were constrained using the
SHAKE algorithm.38 The time step for all simulations was set to 2 fs.
The positions of C, for the first and last ten residues of the protein
model were kept fixed during the MD simulation. Additionally, the
positions of the RNA and DNA nucleotides, except for the last two
DNA nucleotides, were also restricted. All the remaining protein
atoms, those of the two nonfixed DNA nucleotides, the incoming
dGTP atoms, the Mg2+ ions, as well as all water atoms, were free to
move in the MD simulations. A first round of implicit water equilibra-
tion and MD simulation was carried out during 200 ns at a tempera-
ture of 300 K. Then, the complex was immersed into a truncated
octahedron of TIP3P water molecules®® and additionally, the bonds of
the water molecules were constrained using the SETTLE algorithm.*°
The complete systems were neutralized with counter-ions. A direct
cutoff for nonbonded interactions of 10 A and the particle mesh
Ewald for long-range electrostatics were applied.** A minimal distance
of 10.1 A between the surface complex and the edge of the simulation
box was employed. For the MD simulations in explicit water, a stan-
dard protocol beginning with two initial energy minimizations was

used: the first one only for the solvent molecules, constraining the

position of all non-solvent atoms, followed by a second minimization
for the entire system. In order to equilibrate the WT and mutated
complexes at 300 K, each system was slowly heated from 100 K over
a period of 100 ps under NVT conditions, followed by MD simulations
at 300 K up to 10 ns. Subsequently, a production run of 200 ns was
performed for each complex under NPT conditions. Supporting Infor-
mation Figure S3 (lower panel) shows the WT complex in C-I after
200 ns of MD simulations, with the catalytic binding pocket zoomed.
Six complexes were considered for the MD simulations of RT
hTERT: the WT complex, and the K902N-, R631Q-, D712A-, D868A-,
and D869A-mutated complexes. The mutations were implemented
changing the corresponding lateral chains in the complex model in
explicit water, before equilibration. Then, the starting MD configura-
tion was the same for the WT and the mutated complexes. The WT,
the K902N and R631Q complexes were exhaustively studied in both
configurations, C-I and C-Il during 200 ns, whereas the D712A,
D868A, and D869A complexes were studied in C-1 by 200 ns. Three
sets of independent trajectories (with different random Maxwell-
Boltzmann velocities) were considered for all systems, both in C-I and
C-Il. To check the stability of C-I, all complexes were further studied
starting form a distorted configuration (related to C-I, see the steered
MD configuration below), during additional 20 ns. As an example, our
simulated WT system in C-I, contained 47 639 atoms in total (5353
protein atoms from 331 residues, 583 nucleotide atoms, 2 Mg atoms,

13 900 water molecules, and 1 Cl~ ion to neutralize the system).

2.4 | Binding free energies and alanine scanning

Binding free energies were calculated using post-processed trajecto-
ries according to the Molecular Mechanics-Generalized Born Surface
Area (MM-GBSA) approximation.*>*® They were calculated for the
WT, K902N, and R631Q systems, in C-1 and C-Il. The change in bind-
ing free energies (AGpinding = Geomplex — [Greceptor + Giigandl) in solu-
tion (by using implicit water) was calculated. Particularly for the
calculation in C-I, the Ligand was chosen to be dGTP, whereas for the
calculation in C-ll, PP; was chosen instead. The remaining part of the
complex was taken as the Receptor (protein + DNA/RNA + 2 Mg?*
ions) for both C-I and C-II. Finally, after removing water molecules and
counter-ions, and using the last 40 ns of the trajectories for averaging
(considering 200 frames, each frame at 200 ps), the binding free ener-
gies were calculated using the scripts available in the AmberTools12
package.*? Binding Free Energy was calculated using the Onufriev,
Bashford, and Case generalized Born model*® to take the desolvation
free energy into account. Furthermore, alanine-scanning calculations
were performed on the WT complex, replacing one at the time, the
K902, R631, and K626 residues to alanine, in C-l1 and C-Il as well,
using the last 40 ns of the WT original trajectories.

2.5 | Steered MD configuration

The distorted, C-I-related configuration (called the steered MD or
just sMD configuration) was considered because of the following:
(i) Due to its construction, C-l of the WT complex corresponds to
the configuration where dNTP is located just before the phosphoryl

transfer reaction occurs. (ii) After 200 ns of MD simulations for
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WT, K902N, and R631Q, dNTP remains in the same configuration
(see section 3). The idea was to test the stability of C-l for the
mutated complexes. This new configuration was obtained following
a steered MD simulation procedure.44 After 200 ns on WT, K902N
and R631Q, a steered MD was implemented by additional 10 ns in
each system, in such a way that the O3 - P, distance was forced to
be 6 A (almost twice the value of WT). At this distance, when run-
ning a new, normal MD, the WT complex does not recover the cor-
rect configuration for the catalytic reaction to occur (ie, it does not
recover C-1). Then, several MD simulations were performed, start-
ing with a diminished O3 - P, distance, until a threshold value of
4.55 A was found. All starting WT configurations with distances
lower than or equal to this value, were able to recover C-I. There-
fore, the WT configuration with the Oz - P, distance equal to
4.55 A is called “steered MD (sMD) configuration” here. The same
procedure was applied to obtain sMD configurations (the same dis-
tance of 4.55 A as in WT) corresponding to the K902N and R631Q
complexes. They were used as the starting configurations, for new
normal MD simulations on WT, K902N, and R631Q complexes,
during 20 ns. Finally, the WT sMD configuration was also used as
the starting configuration to perform 20 ns of MD simulations on
D712A, D868A, and D869A complexes (obtained from single resi-
due substitutions on the WT sMD configuration).

3 | RESULTS

3.1 | Molecular model for the WT RT hTERT
complex

Having obtained a theoretical 3D model for the RT domain of the
hTERT complex in addition to the 3D model for the complete

hTERT previously found in the literature,®*

it is worth comparing
both models. We do not have the coordinates of the previous
model then we only compare how they were obtained. We consider
that both final models (ours, for the RT domain of the WT hTERT
complex, and that from Ref. 24 for the full protein WT hTERT com-
plex), are those obtained at the end of the respective equilibration
procedures. Some differences arise when comparing the steps used
to build the complexes: (i) Obtaining a homology model for the RT
domain of the hTERT protein: even if the particular methodologies
used were different, they may be considered as equivalent. More-
over, both works have used the same 3KYL T. castaneum 3D struc-
ture as the template for this domain. Then, we may expect both
homology models of the RT domain of the hTERT protein to be
very similar. (ii) Building the chimeric WT hTERT complex: Even if
both models obtain DNA/RNA from the 3KYL structure of
T. castaneum, there are differences in the complex cofactors used
by each model. In our model, in addition to the hybrid DNA/RNA
helix, we include a dGTP and 2 Mg?* ions (both taken from an HIV-
1 structure), while these cofactors were not included in the model
of Ref. 24. (iii) Equilibrating the complex: We used a careful proce-
dure to equilibrate the complex in explicit water including several
minimizations and 10 ns of MD simulations under NVT conditions

(see section 2). In Reference 24, a minimization and 0.2 ns of MD

simulation under NVT conditions were used (no mention was made
to any solvent). Nevertheless, we would not expect significant dif-
ferences between models for RT WT hTERT.

Finally, in Ref. 24, the model for the full hTERT complex (only
with DNA/RNA) was used as a starting point to perform coarse-
grained elastic network models, in order to study telomerase proces-
sivity. Instead, our model of RT domain of WT hTERT complex was
used to perform MD simulations at atomic level, of some mutations

on conserved residues that abolish telomerase activity.

3.2 | Independent MD simulations for WT, K902N,
and R631Q in C-l and C-II

After three independent runs of 200 ns of MD simulations, for the
WT, K902N, and R631Q complexes in C-l, we obtained essentially
the same qualitative results (raw data concerning some structural
parameters are given in Supporting Information Figures S4-57). For
C-Il, the three independent runs gave the same qualitative results
for WT, but some differences are observed for the K902N and
R631Q systems (Supporting Information Figure S8). These differ-
ences will be discussed in the corresponding subsection below.
Moreover, Table 1 collects the average and SD values for the dis-
tances presented in Figures 3-5, corresponding to the minimized
structures after the three 200 ns of MD simulations. Figures 2-5,
presented in the following subsections, correspond to the first MD
simulation run of each complex, chosen as representative of all the

independent runs.

TABLE1 C-I (top) and C-ll (bottom) average and SD values (in A)
corresponding to the distances presented in Figures 3-5, from the
three independent runs of 200 ns of MD simulations, followed by a
final minimization

Configuration |

WT K902N R631Q
03’ - Pa 322 +£001 3.30 £ 0.09 3.26 + 0.03
K902? - Pa 39 +£05 60+£03 35401
K902? - Py 34 +£01 67 +£04  35+£02
R631° - Pa 3.74 + 0.06 37 +05 -
R631° - PB 38+01 40+ 04 5+1
K626 - Py 3.39 + 0.05 345+ 006 38+02
K626 - Pa - - 4+1
Configuration Il

WT K902N R631Q
Old Pa - PB 6.9 +0.3 5+1 46+ 06
K902? - PB 3.5+03 742 -
K902? - Py 3.9 +08 642 48+ 06
R631° - Pp 41+ 04 5+1 -
R631° - Pp 41+09 - -
R631° - old Pa - 6+1 -
K626 - Pp 42+05 44+ 06 -
K626 - Py 3.7+ 04 34+0.1 -

2 For the K902N mutation this residue is Asn.
b For the R631Q mutation this residue is GIn.



HERRERA anp SFERCO

WILEY Brarens | 1025

3.3 | Wild type complex: Watson-Crick pairing
stability

We considered the stability of the Watson-Crick (WC) interactions
(between the incoming nucleotide and the corresponding base from
the RNA template) as prerequisite for considering the incoming dNTP
as located in the active site of telomerase, just before the catalytic
reaction takes place. In order to check that the WC H-bond distances
(for the incoming dGTP and the last nucleotide of the DNA primer
with their corresponding bases from the RNA template) were calcu-
lated as a function of the simulation time. They are presented in Sup-
porting Information Figure S9 for WT in C-I (first MD run). In the
same figure, the running average distances (averages taken inside a
moving window of 2 ns, as the simulation progresses) were also
reported. Even if some dispersion was observed during the simulation,
the running average distances approach the expected H-bond dis-
tances for the WC pairs. Therefore, the incoming dGTP could be con-

sidered to be positioned in the active site.

3.4 | Wild type complex: Octahedral coordination of
Mg2* ions

In our results, both Mg?* ions are found octahedrally coordinated by
several key conserved residues and by the incoming dNTP, similarly to
what was found in T. castaneum,”*® HIV-1,*2 and several experimental
polymerases.***°> The coordination distances as a function of the sim-
ulation time, obtained for both Mg2* ions in the C-1 of WT (first MD
run), are presented in Supporting Information Figure S9. In spite of

some distance dispersion, in general running average distances are

quite similar, indicating that an almost perfect octahedral coordination
for both Mg?* ions in C-I is achieved. Similar results were found for C-
Il (not shown).

In Figure 2, representative pictures of the structural coordina-
tion of both Mg2+ ions (called A and B), for the human WT complex
in the C-1 and C-Il configurations, are presented. They were
obtained by minimization after 200 ns of MD simulations of the
first run on each configuration. In the C-1 of WT (Figure 2A), the
Mg2* A ion is found coordinated by the O3 of the DNA primer and
by one oxygen atom from the P, group (besides the three con-
served Asp and a water molecule). When all these coordinations are
satisfied, the incoming dGTP seems to be located at the catalytic
site, in such a way that the O3~ P, distance is appropriate for the
initiation of the nucleotide addition reaction. According to the two-
metal-ions mechanism, the proximity of the Mg?* A ion with the
O3 lowers the affinity of Oz for hydrogen, facilitating the O3z
attack on P, allowing the formation of the pentavalent transition
state.X15 In C-I (Figure 2A,B) both Mg?* ions stabilize the structure
and the electric charge of the transition state. On the other hand,
for WT in C-IlI, the Mg?* B ion (Figure 2D) accompanies the way
out of PP;, while the Mg?* A ion remains inside the catalytic pocket
and is still coordinated by the three conserved Asp (Figure 2C). In
the functional enzyme, the next step after the nucleotide incorpo-
ration is the single nucleotide translocation step. As this transloca-

tion involves other domains than RT of hTERT,*?*

it is not captured
by our model. However, in the Discussion, we will return to
Figure 2 and the one translocation step when discussing the results

of D869A.

FIGURE2 Coordinations for both Mg?* ions (A and B spheres; in green in the online figure), for the WT complex after the first run of 200 ns of
MD simulations. A, Mg2+ A ion coordination in C-I. It is octahedrally coordinated by the Oz of the last nucleotide of the DNA primer; by the
lateral chains of the three conserved aspartic acid residues (D712, D868, and D869); by an O atom belonging to the P, group of the incoming
dGTP; and finally, by the O atom of a water molecule. B, Mg?* B ion coordination in C-I. It is octahedrally coordinated by three O atoms, each
belonging to the P,, Ps and P, groups, respectively, of the incoming dGTP; by the lateral chains of two of the conserved aspartic acids (D712 and
D868); and by the carbonyl O belonging to the backbone of V713 residue. C, Mg?* A ion coordination in C-II. It is coordinated by the old P,
group (now integrated to the DNA), the lateral chains of the three conserved aspartic acids and two water molecules. D, Mg2* B ion coordination
in C-ll. It is coordinated by three O atoms of Pg and P, groups of PP;; the lateral chain of the conserved D712 residue; the carbonyl O atom of
V713 residue; and a water molecule. The stick models correspond to a final minimization after 200 ns of explicit water MD simulation and were
obtained using the PyMOL software*” [Color figure can be viewed at wileyonlinelibrary.com]
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3.5 | Wild type complex: Contacts of K902, R631,
and K626 residues

Selected contacts formed by the conserved residues K902, R631, and
K626, in the WT complex are presented in Figure 3 for both configu-
rations, as a function of the simulation time. Before the reaction (C-I,
Figure 3A), it is found that all three conserved residues have contacts
with the phosphate groups of the incoming dGTP, suggesting they
could also play some role in the stabilization of the dNTP at the reac-
tion site. In particular, the P, atom makes contact with the N atom of
the lateral chain of the K902 residue. Along the simulation time, this
N atom explores two contact distances with P,, whereas the running
average distance between the P, and the Oz atom remains constant
in average. Moreover, P, also makes contact with both N of the lateral
chain of R631 residue (for the sake of clarity, only one of them was
included in Figure 3A, being the other N contact completely similar).
Residue R631 also makes contact with Py, whereas K626 and K902
residues make contact with the P, atom. The distance between Oy
and P, along the simulation time is remarkably stable around the mean

value of 3.2 A. Basically, the same average distance value is obtained

for the independent WT MD runs, as it is shown in Supporting Infor-
mation Figure S4 and Table 1, confirming that this configuration
should correspond to the catalytic one.

Concerning C-Il, Figure 3B shows that PP; tends to leave from the
catalytic pocket (indicated here by the increasing distance of the bro-
ken bond between the old P, and Pg), accompanied by the lateral
chains of the K902, R631, and K626 residues. The raw data for this
WT distance for the three independent MD runs are presented in
Supporting Information Figure S8 and the average value from the min-
imized structures is collected in Table 1. They show that the same
qualitative result is obtained: average old P,—Pj distances greater than
6 A. Our result for K902 residue is in agreement with the proposition
that it accompanies the exit of PP; and stabilizes the charge generated
by this leaving group.t® Our results show that not only K902, but also
R631 and K626 residues as well, contribute to this job.

Finally, we would like to mention that in both configurations of
WT, there are other residues making contact with the incoming dGTP.
This is the case the N899 residue that makes contact with the P,

group in both C-I and C-II. Since, it is not a conserved residue and it
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was not reported in the literature as essential for telomerase activity,

we did not include it in Figure 3.

3.6 | K902N-mutated complex: Contacts of N902,
R631, and K626 residues

Concerning the K902N mutated complex in both configurations, some
selected distances involving N902, R631, and K626 residues are pre-
sented in Figure 4, as a function of the simulation time, for the first
MD run. Comparing Figures 4A and 3A for C-l, it is evident that the
N902-mutated residue is incapable of maintaining similar contacts
with the P, and P, groups (average distances greater than 6 A), as
those formed by the wild type K902 residue. In Figure 4A, R631 resi-
due appears as trying to compensate the absence of K902 interac-
tions, still maintaining contacts with P, and P, but showing greater
dispersion than in the WT complex. Finally, K626 residue also main-
tains contact with P, (showing a significantly lower dispersion than in

the WT complex). In spite of the absence of the K902 contacts and

the greater fluctuations of the R631 residue, the distance between
O3 and P, along the simulation time for the three MD runs shows a
similar behavior to that in the WT complex. All of them have little dis-
persion around almost the same average value of WT (Supporting
Information Figure S4 and Table 1). Since the distance O3- P, remains
on average the same, it is possible to infer that once the incoming
dGTP is placed in the reaction site, the K902N mutation does not sig-
nificantly alter the WT reaction distance, keeping the appropriate
value for the catalytic reaction to take place. This result was unex-
pected to a certain point, considering that this mutation experimen-
tally abolishes the catalytic activity of telomerase. Additional tests
using MD from a sMD configuration will be presented under
Discussion.

Figure 4B shows the MD simulation results for the K902N
mutated complex, in C-Il for the first MD run. Comparing Figures 4B
and 3B, it is evident that N902 residue is also incapable of forming
similar contacts with PP; as those formed by K902 in WT. K626 resi-
due still keeps good contacts with P, and Ps. Concerning R631
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residue, it makes contact with Py of PP; (as in the WT, but with more
dispersion), but unlike the WT case, it still continues making contact
with P, (incorporated to the DNA in this configuration). The old P,
and the Py average distance is, in C-Il of K902N complex of Figure 4B,
smaller than that of the WT for the same simulation time. The addi-
tional MD runs for this complex in C-Il show that this distance could
be even shorter (Supporting Information Figure S8) with an average
value (Table 1) lower than that of the WT, indicating the impossibility
for PP; to leave from the catalytic pocket. This is partly due to the
absence of contacts with N902 residue, and partly due to the contact
that R631 residue still maintains with the old P, after the reaction.
These results are a first indication that the mutation K902N might
alter the normal way out of PP; once the first nucleotide addition reac-

tion is accomplished, thus stopping the activity of human telomerase.

3.7 | R631Q-mutated complex: Contacts of K902,
Q631, and K626 residues

We consider now the R631Q complex in both configurations.
Selected distances concerning K902, Q631, and K626 residues for
this complex are presented in Figure 5, for both configurations as a

function of the simulation time, obtained for the first run of MD

simulations. For C-l before the reaction (Figure 5A), K902 residue has
similar contacts with the P, and P, groups, like those formed in WT
(being the distance with the P,, atom less dispersive than in WT). The
mutated Q631 residue makes contact (with some important fluctua-
tions) with Pg, whereas in WT a bit stronger contacts are formed with
the P, and Py groups by R631 residue. Additionally, K626 residue
shows similar contacts with P, as in WT but, in this case, also forms
contact with P, (contact not present in WT). Once again, it is as if the
conserved nonmutated residues try to compensate for those contacts
that are missing due to mutation. Interestingly, as in the case of the
K902N complex, once the incoming dGTP is placed at the reaction
site, the R631Q mutation does not seem to alter the distance
between Oz and P, either. This distance remains the same as in the
WT complex, with very low dispersion, along the simulation time. This
result is confirmed by the multiple runs of MD simulations
(Supporting Information Figure S4 and Table 1).

However, when Figures 5B and 3B for C-Il are compared, more
striking differences arise. In the R631Q complex, Q631 and K626 resi-
dues have completely lost their contacts with the P groups of PP;.
K902 is the only residue that still makes contact with it, but only with
P, (whereas, in the WT complex it has contacts with both P). Finally,

the distance between the old P, and P; is averaged around 4.2 A
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FIGURE 6 Binding free energy as a function of the amino acid residue in the sequence of WT and mutated hTERT complexes: (A) in C-l and

(B) and C-Il. Numbers correspond to the conserved residues in hTERT. Only the residues inside the RT motifs are shown. Vertical lines help
identifying the residues for which the binding free energy is given. Each colored vertical bar corresponds to the following complexes: WT (black),
K902N (red), and R631Q (green). The difference in free energy between a bound receptor + ligand complex and the unbound components was
calculated with the methodology explained under Section Material and Methods.333 In both configurations, the part of the complex formed by
protein + DNA/RNA + 2 Mg?* ions was considered to be the receptor, while the dGTP (in C-I) or PPi (in C-Il) were chosen as ligand

along 200 ns, from the MD run shown in Figure 5B. The results from
the two additional MD runs for this distance (Supporting Information
Figure S8), show average values lower than 5.5 A, with Q631 residue
making contact with the old P, (not shown). The minimized average
values given in Table 1 confirm this tendency. All these results show
that the R631Q mutation might not favor the exit of PP; from the cat-
alytic pocket, thus stopping the catalytic activity of telomerase after

the first single nucleotide incorporation.

4 | DISCUSSION

4.1 |

From the MD simulations results (Figures 2-5 and S4-510), we could

Molecular dynamics analysis

make the following statements: (i) The C-I of the WT complex cap-
tures the catalytic position of the incoming dGTP, just before the
phosphodiester reaction. This conclusion is drawn considering three
stability criteria: the stability of the WC pairs (Supporting Information
Figure S9); the stability of the octahedral coordination of both Mg2*
jons (in particular, the Mg?* A ion coordinated by Oz and one O from
the P, group of dGTP, Figures 2A and Supporting Information S10);
and the stability of the O3 - P, distance at an average distance of
3.2 A (suitable for the phosphoryl transfer reaction to take place, Fig-
ures 3A and Supporting Information S4, Table 1). (ii) K902N or R631Q
mutations do not seem to affect the catalytic position of dGTP before

the reaction, even if the remaining native contacts are altered. This
conclusion is reached following the same three stability criteria used
for the case of WT, but now applied to the K902N and R631Q com-
plexes in C-1 (Figures 4A and 5A, respectively, and Supporting Infor-
mation Figure S4). (iii) For WT in C-l, the K902, R631, and K626
residues make contacts with the three phosphate groups of dGTP
(K902 with P, and Py; R631 with P, and Pg; K626 with Py, Figure 3A).
(iv) For WT after the catalytic reaction, the K902, R631, and K626 res-
idues make contacts with PP;, accompanying its exit from the catalytic
pocket. The Mg?* B ion is coordinated by the phosphate groups of PP,
and goes out with them (Figure 3B). (v) For the K902N complex in C-
I, PP; is unable to exit the catalytic pocket as in the WT protein, due
to the lost contacts with the mutated K902 residue, and because the
R631 residue remains in contact with the old P,, even after the reac-
tion is complete (Figure 4B). (vi) For R631Q complex in C-ll, PP;
remains inside the catalytic pocket, now due to the lost contacts with
the mutated R631 residue as well as with the K626 residue. The only
WT contact that remains (that of the K902) is not sufficient to accom-
pany the way out of PP; that becomes stabilized inside the catalytic
pocket (Figure 5B). (vii) For the K902N and R631Q complexes, in both
C-1l and C-ll, the non-mutated WT conserved residues try to compen-
sate for the absence of the mutated residues (Figures 4 and 5). (viii) For
the K902N and R631Q complexes, once the dGTP is placed at the
catalytic site in C-I, the incorporation of the first nucleotide to the

DNA strand seems to be possible. Then, as PP; is no longer able to exit

TABLE 2 Change in the binding free energies, from an alanine-scanning of K626, R631, K902, and N899 residues in the human telomerase WT
complex, in C-1 and C-Il. In both configurations, the ligand and the receptor were the same as in Figure 6

A(AG binding free energy) (kcal/Mol) K626A
Configuration | (C-1) -37+5
Configuration Il (C-I1) -36+£5

R631A K902A N899A
-36t6 -63+£8 -21+3
-33+£3 -49 £8 -22+3
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the catalytic pocket, telomerase activity stops. This result is in com-
plete agreement with the experimental evidence that both K902N
and R631Q mutations abolish telomerase activity.zo’23 In conclusion,
K902N or R631Q mutations drop telomerase activity to zero, because
the mutated complexes might interrupt the process by stopping the
PP; exit after the first nucleotide addition.

4.2 |

Due to the similar contacts with the incoming dGTP (in C-I), and PPi

Binding free energy analysis

(in C-ll), we decided to perform an energetic analysis for the WT,
K902N, and R631Q complexes. The last 40 ns of the corresponding
trajectories of the first MD run were processed in order to calculate
binding free energies by using the MM-GBSA method, as it was
explained in section 2. Figure 6 shows the binding free energy for the
WT (black), K902N (red), and Ré631Q (green) systems, in C-l
(Figure 6A) and C-IlI (Figure 6B), as a function of the residues inside
the RT motifs for hTERT. For the WT complex in C-l (black,
Figure 6A), the conserved residues making contacts with the dGTP
and contributing to the binding free energy are, in order of impor-
tance, K902, K626, and R631. For WT in C-IlI (black, Figure 6B), the
same conserved residues are found, with the contribution of K902,
R631, and K626 in order of importance in this case. As it was already
mentioned under section 3 for the WT complex, the non-conserved
N899 residue makes contacts with P, of dGTP (in C-I) and PP; (in C-lI).
Figure 6 shows that it makes a less important contribution to the
binding free energy than the conserved residues, in both configura-
tions. An even smaller contribution was found for the conserved
Q833 residue only in C-I of the WT system. For the K902N complex
in C-I (red, Figure 6A), practically the same contribution of K626 and
R631 residues to the binding free energy as in WT was found. How-
ever, the mutated N902 residue does not contribute to the binding
free energy. Interestingly, the nonconserved neighbor R901 residue
appears to compensate for the absence of K902 contribution. The
same situation holds for the K902N complex in C-l (red, Figure 6B). It
should be noted that the nonconserved R901 residue does not con-
tribute to the binding free energy in WT. Just for completeness, we
mention that the R?01W mutation in human TERT lowers telomerase
activity to less than 25% of WT, but it does not completely eliminate
it.*> Finally, for the R631Q complex in C-I (green, Figure 6A), Q631
residue contributes very little, whereas K626 residue reinforces its
contribution, compensating for the absence of R631 contribution. For
R631Q in C-Il, the contributions of K626 and Q631 are practically
lost, and only a fraction of the WT contribution of K902 residue
remains. Summarizing, we may conclude that: (i) all these results are
consistent with those of the previous subsection; and (ii) the contribu-
tion of K626 conserved residue to the binding free energy seems to
be as important as the other conserved residues.

4.3 | Alanine-scanning analysis

Going a step forward, we also analyzed the change in the WT binding
free energy when selected residues in the WT were mutated to ala-
nine (see section 2).*?>*® The alanine-scanning analysis was applied to
the conserved K626, R631, and K902 residues and we included the

nonconserved N899 residue to check its relative importance when
mutated to Ala.

Table 2 shows alanine-scanning results, presenting the change in
the WT binding free energy for each residue analyzed. The residues
that show the highest values (K626, R631, and K902) are precisely
those that greatly affect telomerase activity. The most important con-
tribution to the WT binding free energy is that of K902 residue in
both configurations. R631 and K626 residues show comparable con-
tributions, being that of K626 somewhat greater. These results are in
complete agreement with the experimental results: mutations
K626A,Y R631AYY and K902AZ° cancel the catalytic activity of
human telomerase. Finally, the N899 contribution shown in Table 2 is
lower than the other contributions, but not negligible, with a similar
value in both configurations. Concerning this nonconserved N899 res-
idue, to our knowledge there is no experimental evidence studying its
single amino acid substitution. Nevertheless, from the binding free
energy and alanine-scanning results, we have found some evidence
that mutations in this residue could affect, to some extent, the activity

of human telomerase.

4.4 | MD started from the sMD configurations: WT,
K902N, and R631Q complexes

From the results shown above, it is evident that considering the C-I of
whatever system (WT or mutated complexes), the O3—P, distance
remains, in average, the same along the different runs of 200 ns of
MD simulations. In order to analyze the stability of C-I itself, we next
consider a distorted (C-1 related) configuration, called the sMD config-
uration, for the WT, K902N, and R631Q complexes. In the sSMD con-
figuration the O3—P,, distance was forced to be 4.55 A (the maximal
value of the distorted distance where WT recovers C-I, see section 2).
The sMD was used as the starting configuration for other MD simula-
tions. Since they converge quickly, we performed only one MD run of
20 ns each for each complex, just to check if the systems recover C-I.
Results are presented in Table 3, where the representative O3—P,
and the Mg A—Mg B distances are given. The comparison was made
among their values before and after 20 ns of MD simulations and
those obtained after 200 ns of normal first run of MD for each com-
plex. In all cases, a final minimization was performed and the compari-
son was made using the minimized distances.

After only 20 ns of MD simulation started at the sSMD configura-
tion, the three complexes studied showed O3-P, and Mg A-Mg B dis-
tances in agreement with those obtained after 200 ns of normal MD
(for each complex in C-I). The conclusion is that the three complexes:
WT, K902N, and R631Q are able to recover essentially the catalytic
positions, with the dGTP placed as in C-I. In other words, the K902N
and R631Q mutations might not prevent the system from recovering
the catalytic C-I (at least when started from the sMD configuration).
These results are, again, quite unexpected because some disturbance
at the entrance of dGTP could be expected. However, from the results
shown in Table 3, both mutations do not appear to disturb the dGTP
entry into the catalytic site. Table 3 shows results which are totally
compatible with the previous conclusion that the effect of any of the
K902N and R631Q mutations in human telomerase activity might be
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TABLE3 O3 — P, and Mg A — Mg B characteristic distances in WT, K902N, and R631Q complexes after 20 ns of normal MD simulations
(followed by a minimization), started from the corresponding sMD Configuration (sMDC) of each complex

Distance Oz — P, (A)

Distance Mg A — Mg B (A)

Normal MD started at the sMDC Normal MD Normal MD started at the sMDC Normal MD
Ons 20 ns 200 ns Ons 20 ns 200 ns
(min) (min) (min) (min)
WT 4.55 3.27 3.22 401 3.53 3.60
K902N 4.55 3.18 3.25 441 3.55 3.64
R631Q 4.55 3.24 3.29 4.22 3.61 3.56

These values are compared to those obtained after the first run of 200 ns of MD simulations (followed by a minimization) for each complex in the catalytic

C-l (Figures 3A, 4A, and 5A, respectively).

to prevent PP; from leaving the catalytic pocket (Figures 4B and 5B),
thus stopping the catalytic activity of hTERT.

Motivated by these results a natural question arises: what is(are)
the mechanism(s) by which the D712A, D868A, and D869A mutations
cancel telomerase catalytic activity? To address this question two new
MD simulations were considered: (i) a single run of 20 ns of normal
MD for the WT, where each conserved aspartate, one at a time, was
mutated to alanine, starting from the WT sMD configuration.
(ii) Three independent runs of 200 ns of normal MD for the mutated
D712A, D868A, D869A complexes (obtained similarly to WT, K902N,
and R631Q complexes) in C-l. These results are presented in the fol-

lowing subsections.

4.5 | MD started from the WT sMDC: D712A,
D868A, and D869A mutations

Starting from the WT sMD configuration, where each conserved
aspartate, one at a time was mutated to alanine, 20 ns of MD simula-
tions were implemented. Results are presented in Table 4, where the
same parameters shown in Table 3 are analyzed. The corresponding
values for the WT after 200 ns in C-I (first run) are included for com-
parison. Again, a final minimization was performed for each system
and the comparison was made using the minimized distances. From
these results, it is possible to observe that after only 20 ns of MD sim-
ulation, the D712A and D868A mutated systems do not recover the
WT distances. Both of them increase the distance between Mg ions
(4.87 A compared to the WT value of 3.60 A), whereas the D712A-
mutated complex notably increases the Oz - P, distance (6.28 A) with
respect to that of the WT system (3.22 A). The only mutated system
that seems to recover the C-I of the WT is the D869A complex (O3
-P, distance: 3.26 A compared to 3.22 A; Mg A-Mg B distance:

3.59 A compared to 3.60 A). These results are the first evidence that
the mechanism to cancel telomerase activity might probably be differ-

ent for each conserved aspartate mutant complex.

4.6 | MD started from the C-I configuration: D712A,
D868A, and D869A complexes

The D712A, D868A, and D869A complexes were built and equili-
brated, in the same way as the K902N and R631Q complexes in C-I
(See section 2). Then, fresh MD simulations were performed on each
of these complexes, for three independent runs of 200 ns each. The
idea was to analyze if MD simulations started from C-I with Asp sub-
stitution from the beginning are stable along the simulation time. In
particular, we are interested in the coordination of both Mg?* ions
and the O3-P, distances. The results for some structural parameters,
for the three independent MD simulation runs on the D712A, D868A,
and D869A complexes in C-I, are presented in Figure 7 in a box plot
representation. For comparative purposes, we included the results for
the same structural parameters, also for the three independent runs
of WT, K902N, and R631Q complexes in C-Il. Figure 7 compares the
following structural parameters: the Os-P, distance (Figure 7A); the
03-Mg A distance (Figure 7B); the Mg A-Mg B distance (Figure 7C),
and the O3-P,-O,4 angle (Figure 7D). The raw results, as a function of
the simulation time for the three independent runs of each system,
are given in Supporting Information Figures S4-S7. For comparison,
the experimental values of the same parameters corresponding to
human DNA polymerase n are also included in Figure 7. They corre-
spond to a crystallized structure where the nucleotidyl-transfer reac-
tion is just taking place (PDB ID code 4ECV).* In essence, at this
catalytic step both the human DNA polymerase n and hTERT, perform
the addition of one nucleotide to the DNA strand by using the same

TABLE4 O3 — P, and Mg A — Mg B characteristic distances in WT with the D712A, D868A, and D869A mutations (one at a time), after 20 ns
of normal MD simulations (followed by a minimization), started from the WT sMD configuration (sMDC)

Distance Oz — P, (A)

Distance Mg A — Mg B (A)

Normal MD started at the WT sMDC

WT normal MD in C-I

Normal MD started at the WT sMDC WT normal MD in C-I

Ons 20 ns 200 ns
(min) (min)
D712A 4.55 6.28 3.22
D868A  4.55 3.71 3.22
D869A  4.55 3.26 3.22

Ons 20 ns 200 ns
(min) (min)
401 4.87 3.60
4.01 4.87 3.60
4,01 3.59 3.60

The distances are compared to those obtained after the first run of 200 ns of MD simulations (followed by a minimization) for the WT complex in the cata-

lytic C-1 (Figure 3A).
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FIGURE 7 Characteristic structural parameters result from MD simulations for the WT, K902N, R631Q, D712A, D868A, and D869A complexes,
all in C-1, presented as box plots. Each complex was studied performing three independent MD simulations of 200 ns. Each box plot includes

60 000 data points. A, O3 - P, distance. B, O3 - Mg A distance. C, Mg A - Mg B distance. D, O3 - P,, - O, angle. The O, is the bridge O atom
between the P, and Py of the incoming dGTP (Figure 2A). The dashed lines correspond to the experimental values of human DNA polymerase n
structure, caught just making a phosphodiester bond (PDB ID code 4ECV).%¢ As usual, each box encloses values between the first and third
quartiles (enclosing 30 000 data points in this figure). The second quartile (the median) is indicated inside each box. The “whiskers” below/above
the box are calculated as 1.5%IQR (or including the full range of values if they are found to be less than 1.5%IQR), for each system. IQR means
InterQuartile range, and corresponds to the height of each box. The box plots were obtained post processing the raw data (presented in

Figures $4-S7), with the R statistical package*®*’ [Color figure can be viewed at wileyonlinelibrary.com]

two-metal-ion mechanism. Then, it would be expected that the
nucleotide-binding pocket of C-1 in WT hTERT is, to some extent,
comparable to the structure of the human DNA polymerase reported
in 4ECV. The authors of this study have shown evidence (See
Figure 2d in Reference 46), that the Oz -P,-O,4 angle would approach
planarity. Therefore, this parameter was incorporated in the compari-
son of Figure 7.

When considering the Os3-P, distance (Figure 7A), it is evident
that D712A complex shows the greatest dispersion of values, with a
median greater than the WT value. All three independent production
runs for this system (Supporting Information Figure S4) started from
the same equilibrated structure (and random Boltzmann velocities)
shows the system exploring different distances with important varia-
tions from the median of the respective run. This result indicates that
the D712A complex might allow different values of O3-P, distance
from those found in WT, compromising then the catalytic activity.
Concerning the O3-P, distance in the D868A complex, a similar dis-
cussion can be held, although this complex shows a lesser dispersion
of results than the D712A complex. Figures 7A and S4 also show a
median greater than that of WT for the D868A complex. Conversely,

the box plot values for the D869A complex appear to be similar to

those of the WT. Finally, our results for the WT O3-P, distance are in
acceptable agreement with the experimental value of this distance in
the structure of human DNA polymerase 1 (3.37 A).

Figure 7B shows the box plot results for the Oz-Mg A distance,
where all the complexes show they are compatible with those of WT,
except for the D868A system. The raw data for the Oz-Mg A distance
are given in Supporting Information Figure S5, for all complexes. The
three MD runs for the D868A complex cluster far from the WT value.
With a median of 4.4 A for the O3-Mg A distance, the Mg A ion is too
far from Oz, as to contribute to the two-metal-ions mechanism pro-
posed for the catalytic reaction. This is a clear indication that this
mutation might not be functional. Supporting Information Figure S5
shows that the D712A complex also explores other values in addition
to those of WT for this distance. Again, the O3-Mg A distances for
the D869A complex are similar to that of the WT. Our WT results for
the O3-Mg A distance are in reasonable agreement with that in the
human DNA polymerase n structure.

Regarding the Mg A-Mg B distance (Figures 7C and Sé), it is the
box plot of the D868A mutation which is clearly different from all
others. This is a further indication that severe distortions from the WT

are present in the D868A complex. The three independent runs for
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this distance, corresponding to the D712A complex, also show strong
variations along the simulation time, but clustering at similar values as
the WT (as indicated in the respective box plot). Once again, the
D869A runs show results similar to the WT. The experimental human
DNA polymerase 1 value for the distance between the Mg?* ions is
still in agreement with our results.

Finally, considering the Oz-P,-O,g angle, Figures 7D and Support-
ing Information S7 show that this structural parameter is the one
which has the most important variations among the complexes stud-
ied. The box plots for the D712A and D868A mutations are those that
deviated most from the WT values (and also from the planarity). The
box plot of this angle for the D868A complex is the largest one having
the greatest dispersion. The K902N-, R631Q-, and D869A-mutated
systems have similar angle box plots placed at values near that of
the WT.

From all the results shown in Figure 7, it is possible to conclude
that they represent another way to show that K902N and R631Q
mutations do not alter the characteristic parameters of C-Il.
Completely different results were obtained when the D712A and
D868A mutated complexes were considered. From Figure 7A, it is
possible to conclude that the D712A mutation does not stabilize
dGTP at the catalytic position, with Oz-P, distance spread along a
wide set of values and with a median larger than the WT. Accordingly,
it is not possible for the catalytic reaction to occur. Concerning the
D868A mutation, it also shows a spreading of the Ox-P, distance,
with a median larger than the WT value, but with less dispersion than
the D712A complex. However, and unlike the D712A case, the
D868A complex shows the box plots of the O3-Mg A and the Mg A-
Mg B distances, as very different from the WT (Figure 7B,C). This is a
clear indication that the D868A mutation should generate a distorted
structure, where the catalytic reaction would be unable to occur. The
D868A complex has, in addition, the greatest deviation with respect
to WT for the O3-P,-O, angle. On the other hand, taking into
account the three independent MD executions of 200 ns performed
and all the structural parameters analyzed, the D869A complex is the

only one that provides similar box plots to those of the WT.

4.7 | Octahedral coordination of Mg?* ions in
mutated Asp complexes

In order to contribute to a better understanding of the previous
results, the coordination of both Mg2+ A and B ions, in C-l is pre-
sented in Figure 8 for each mutated Asp complex. For easier compari-
son, the WT result was also included in Figure 8, and all the
coordination residues (or groups) are summarized in Supporting Infor-
mation Table SI. For the WT complex in C-I, the residues coordinating
both Mg?* ions are given in the caption of Figure 2. It is important for
the present discussion to consider here that in WT: (i) the D712 and
D868 residues coordinate both Mg2+ ions, whereas the D869 residue
coordinates only the Mg?* A ion; and (ii) both octahedra share a com-
mon vertex at the O atom from the P, group.

Concerning the D712A-mutated complex, two representative
structures (largely visited during the MD simulations) are presented
(Figure 8A,B). In both structures, D868 and D869 residues are coordi-
nating now both Mg?* ions. For the Mg?* B ion, the double

coordination of D869 is the only change with respect to the
WT. However, the interesting differences come from the Mg?* A
octahedron. In Figure 8A, the Mg?* A ion is found coordinated twice
by the P, group: with the same O atom that coordinates in the WT
and with Os (bridging P, and sugar), coordination that is not present
in the WT. In Figure 8A, the other coordination atoms of Mg?* A ion
are the same as in WT. However, the D712A complex explores other
configurations besides that presented in Figure 8A. In the Figure 8B,
Os does no longer coordinate Mg?* A. Instead, a new coordination
with another water molecule is formed (Figure 8B), or this coordina-
tion is replaced by a new one with O carbonyl belonging to L866 resi-
due (not shown, present in the third MD run). In all cases,
coordination with Oz is maintained (as illustrated in Figure 7B), but
the O3-P, distance is not constrained to keep the WT values any-
more. It spreads over a large interval with a median distance larger
than that of WT. Comparing Figure 8AB, it is as if the Mg?* A octahe-
dron pivoted around the common vertex without losing the coordina-
tion with the Oz atom. In the WT, this pivoting configuration does
not occur due to the presence of the D869 original contact. Summa-
rizing, when D712A is present, a conformational change should occur
in such a way that D869 residue leaves its WT contact, in order to
coordinate both Mg?* octahedra (replacing the lacking D712 residue).
To replace the original contact of D869 in WT, the Mg?* A ion seems
to explore contacts with Os, or with additional water, or even with O
carbonyl from L866 residue. According to the two-metal-ion mecha-
nism, the lowering of pKa of hydroxyl is still active, but due to the
possible and different Oz-P, distances, the pentavalent transition
state might not be formed, thus stopping the catalytic activity of
hTERT.

We now consider the complex including D868A mutation. Due to
the dispersion of values for O3-P, distance obtained in Figure 7A,
two representative structures are also analyzed in Figure 8C,D. The
two octahedra in Figure 8C,D are not sharing a common vertex any-
more. However, they continue to be linked by D712 residue (as in
WT), and they now are also linked by two different O atoms belonging
to the P, group (the same O atom is linked in WT). Additionally, in
Figure 8D, both octahedra are linked together by two O atoms
belonging to P, (there is no coordination of this group to the Mgt A
ion in WT). In Figure 8C, D869 residue is found coordinating the Mg?*
A ion twice, while only one contact with the same ion is found in
Figure 8D. As a result of all these structural changes, the Mg?* A ion
in both configurations loses its coordination with Og (illustrated in
Figure 7B), and relaxes the values of the O3-P, distance with respect
to the WT (illustrated in Figure 7A). These two characteristic features
of the D868A complex, according to the two-metal-ion mechanism,
might be more than sufficient to prevent the catalytic reaction from
starting. The Mg2* A ion would not be able to reduce pKa of 3’
hydroxyl, as well as the larger distance Oz-P, might not be the appro-
priate one to start the reaction. Adding to these constraints, Oz is
found in Figure 8C,D forming a H bond with the Os bridge atom
(H bond not present in the WT). Finally, the long distance between
the Mg?* ions (illustrated in Figure 7C) is a consequence of the fact
that both octahedra do no longer share a common vertex.

Finally, when the D869A mutation is present, the only change

compared with WT is the replacement by a water molecule of the
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D712A-1

FIGURE8 Octahedral coordinations for both Mg?* A and B ions (green spheres in the online figure), in C-I, for representative configurations of
D712A (A) and (B); D868A (C) and (D); D869A (E); and WT (F) complexes. Figures were generated after a minimization of energy, performed at
the end of 200 ns of MD simulations for each system (except for Figure 8A, where a minimization after 50 ns was used). Figures C and D were
generated at the end of two independent 200 ns runs of MD simulations for the D868A complex. All the other figures correspond to the end of
the first 200 ns MD simulation runs, also depicted in Figures 2-5. To contribute to the interpretation of this figure, the atomic coordinations for
both Mg2* ions and for all complexes presented are collected in the Supporting Information Table Sl. Figures were obtained using the PyMOL

software*” [Color figure can be viewed at wileyonlinelibrary.com]

coordination lost due to this mutation (only affecting Mg?* A octahe-
dron). All other coordinated atoms remain as in the WT and the com-
plex resembles the WT (illustrated in Figure 7). Therefore, from the
limited sampling of the conformational space we made (with our three
independent MD runs), we have no evidence by which the D86%A
mutation could stop the catalytic activity of hTERT. However, it is
experimentally known that this mutation abolishes the catalytic activ-
ity in human telomerase.”"*” Moreover, in the WT complex, D869
conserved residue makes contact only with the Mg?* A ion
(Figure 2A) and precisely this ion is the one that remains inside the
catalytic pocket after the chemical reaction (Figure 2C). Comparing
Figure 2A,C, some insight may be obtained about how elongation may
proceed. A concerted movement of some residues, as well as the
DNA/RNA hybrid, should move the Mg A octahedron (in Figure 2C),
in such a way that the coordination with the O of the old P, is lost
while coordinating the new Og of the primer (as in Figure 2A), there-
fore the reaction can continue. Thus, it could be speculated that a
possible mechanism for this mutation to stop the activity might be the
participation of D869 residue in the single nucleotide translocation
mechanism. When mutated to Ala the one nucleotide translocation

step might not be completed (Mg A does not reach to coordinate the

new Oz) and the reaction might stop. A full hTERT model and larger
samplings of the conformational space are necessary to clarify this

issue.

5 | CONCLUSIONS

This work addresses the computational study of single amino acid
substitutions on several conserved residues that abolish the catalytic
activity of human telomerase protein. We focused on the conserved
residues inside the RT domain of hTERT. In particular, we studied
K902N, R631Q, D712A, D868A, and D869A mutations, and used the
two-metal-ion mechanism to identify atomic deviations from the WT
whereby they are able to cancel telomerase activity. The conclusions
of this study are: (i) we are able to identify the possible mechanisms
involved in these mutations to abolish human telomerase activity,
except for the D869A mutation. (i) Mutations K902N and R631Q
might abolish the catalytic activity because they prevent the exit of
PPi from the catalytic pocket. We also show evidence that probably
the same holds for K902A, R631A, and K626A mutants. (iii) The

D712A mutation might not allow the addition reaction of a single
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nucleotide to even begin, since the intermediate state of pentavalent
transition could not be formed. In other words, the complex including
this mutation might not able to accommodate the incoming dNTP at
the correct position corresponding to the catalytic site. (iv) The
D868A mutation might also inhibit the initiation of the single nucleo-
tide reaction, because the Oz atom does no longer coordinate the
Mg2* A ion. (v) From this study, we have no evidence on the mecha-
nism by which the D869A mutation suppresses the catalytic activity,
as it is experimentally found. Larger samplings of the conformational
space of the complex containing this mutation are necessary to under-
stand why D869A mutation abolishes the catalytic activity of human

telomerase.
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