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25
26 SUMMARY:
27 A protocol that uses enhanced QM/MM method to investigate the isotopic effect on the double
28  proton transfer process in porphycene is presented here.
29
30 ABSTRACT:
31 The single deuterium substitution in porphycene leads to an asymmetric molecular geometry,
32  which may affect the double proton transfer process in the porphycene molecule. In this study,
33 we applied an enhanced QM/MM method called SITS-QM/MM to investigate
34  hydrogen/deuterium (H/D) isotope effects on the double proton transfer in porphycene.
35 Distance changes in SITS-QM/MM molecular dynamics simulations suggested that the
36  deuterium substituted porphycene adopted the stepwise double proton transfer mechanism.
37  The structural analysis and the free energy shifts of double proton transfer process indicated
38 that the asymmetric isotopic substitution subtly compressed the covalent hydrogen bonds and
39  may alter the original transition state location.
40
41 INTRODUCTION:
42  The proton transfer process in porphycenes holds potential applications in developing
43  molecular switches, transistors and information storage devices?. In particular,
44  tautomerization in porphycenes through double proton transfer process has attracted wide
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interest in the fields of spectroscopy and photophysics?. The inner hydrogen atoms of
porphycene can migrate from one trans isomer to the other equivalent trans isomer through
double proton transfer process as shown in Figure 1. Two mechanisms have been proposed for
the double proton transfer process: the concerted and the stepwise mechanism®*. In the
concerted double proton transfer process, both proton atoms move to the transition state
synchronously in a symmetric way, whereas one proton completes the transfer before the
other proton in a stepwise process. Two hydrogen atoms can transfer simultaneously or
stepwise depending on the correlation strength between two hydrogen atoms®.

Isotopic substitution has been used to detect the structural properties of molecules and rate
constants of reaction kinetics®. Single deuterium substitution in the inner hydrogen of
porphycene leads to an asymmetric shape of the molecule. The hydrogen bond may expand or
contract because of mass difference between the hydrogen and deuterium atoms. The isotopic
substitution introduces a perturbation in the scaffold of porphycene. The question arises that
whether asymmetric structure would affect the proton transfer process. Limbach and
coworkers reported that the replacement of hydrogen with deuterium will compress both
hydrogen bonds, and the cooperative coupling of two hydrogen bonds in porphycene may favor
concerted mechanism’, whereas Yoshikawa stated the deuteration would make the stepwise
mechanism contribute more than the concerted mechanism?®. Experimental techniques, such as
force spectroscopy, have been developed to capture tautomerization details in a single
porphycene®. However, it is still challenging to determine the atomic details of proton transfer
experimentally because of its transient nature.

Theoretical calculations and simulations can act as complementary tools in elucidating the
reaction mechanisms of proton transfer. Among different theoretical methods, molecular
dynamics (MD) simulations can monitor dynamic motions of each atom, and has been widely
used to reveal complex mechanisms in chemical and enzymatic reactions. However, regular MD
simulations tend to suffer from insufficient sampling issue, especially when high energy barrier
exists in the process of interest. Therefore, enhanced sampling methods have been developed,
which include transition path sampling'®!!, umbrella sampling (US)'?'3, and integrated
tempering sampling (ITS)**1>, Combination of different enhanced sampling methods can further
increase sampling efficiency'®!®. To harness the enhanced sampling algorithms in simulating
chemical reactions, we have implemented the selective integrated tempering sampling (SITS)
method with quantum mechanical and molecular mechanical (QM/MM) potentials recently®.
The proposed SITS-QM/MM method combines the advantages from both methods: the SITS
method accelerates the sampling and can explore all possible reaction channels without prior
knowledge of the reaction mechanism, and QM/MM provides more accurate description of the
bond forming and bond breaking process, which cannot be simulated by MM methods solely.
The implemented SITS-QM/MM approach has successfully uncovered concerted double proton
transfer, uncorrelated and correlated stepwise double proton transfer mechanism in different
systems, without pre-defining reaction coordinates!®. For porphycene, the stepwise but
correlated proton transfer character has been reported®. The hybrid SITS-QM/MM method
was used to investigate the isotopic effect in porphycene in our study, and below are the
detailed descriptions of the algorithm and protocol of our method.
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We have implemented SITS method with hybrid QM/MM potentials. The effective potential of
SITS was defined to include the potential energy at different temperatures with the weighting
factors {ny} to cover wider temperature ranges,

N
U’(R) = UN(R) - %ln (Z nke_ﬁkUE(R))
k=1

where, N is the number of canonical terms, 8« is the inverse temperature, and ng is the
corresponding weighting factor for each canonical component. Ug(R)and Uy (R) represent the
enhanced and non-enhanced terms in SITS and are defined as,

1
UE(R) =Us + EUse

1
UN(R) =U, + EUse

Us, Use and Ue are the potential energy of sub-system, the interaction between sub-system and
the environment, and the potential energy of environment. QM/MM potential is expressed as a
hybrid summation of three components,

U=Ugm + Ugmmm + Unm

where Ugm, Ugm/mm, and Uy, are the internal energy term of the QM subsystem, the
interaction energy between the QM and MM regions, and the interaction energy within the
MM subsystem, respectively. The Uy, /mm term can be further divided into three components,
which include the electrostatic, van der Waals, and covalent interaction energy terms between
the QM and MM atoms,

_ gele vdwWw cova
qu/mm - Ygm/mm + qu/mm + gm/mm

We assign Uy, and U(‘;ﬁ,‘i/mm into one Ug term in SITS,

Us = qu + Ugiri/mm

_ qrvaw cova
Use - qu/mm + qgm/mm

Ue = Unm

The full potential of the system was then decomposed into the energy of subsystem U, the
interaction energy between the subsystem and the environment U, and the energy of
environment U,. For instance, in the system of the present work, the subsystem is the
porphycence, and the environment the water.
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The PMF profile along a collective variable T(R) is derived as,
PMF (1) = —kBTln(Z 7+ e~(Uo=U") 57

The generally used reaction coordinates for each hydrogen transfer of N1 — H1:--N2 are q; =
(r; —ry)/2 and q; = ry + 1y, where r1 is the distance of N1-H1 and r» is the distance of H1-N2.

The method has been implemented in the QM/MM MD simulation package QM*D?°. The
complete source code and documentation can be found here: http://www.gm4d.info/.

Generally, the SITS-QM/MM MD simulations involve four steps: pre-equilibrium (pre-sits);
optimization {n;} (opt-sits); production simulation and data analysis.

PROTOCOL:
1. Building model

1.1. Build porphycene structure: Open GaussView software by double-click the mouse.
Then click Element Fragment button in the menu of the GaussView to choose the needed
elements. Construct porphycene. Then click File button to save as the pdb file.

1.2. Solvate the model: Solvate porphycene in a cubic TIP3P?! water box with an edge length
of 38 A by issuing the command in the linux operating system: genbox_d -cp prp-vac.pdb -cs
spc216.gro -o solv.pdb -maxsol 1484 —box 3.8.

1.3. Build deuterium porphycene: Issue the following command to generate topology file:
cns < ppi_solv.inp. Then open prp-wat.psf with vi command and change the mass of H1 from
1.00800 to 2.01600 to replace one intramolecular hydrogen atom of porphycene with
deuterium to build single deuterium substituted porphycene.

1.4. Set normal MD simulation parameters: Input method scctb, integral 0.5 fs, and cutoff
12 in the MD input file by opening it with vi command.

NOTE: Adopt a cutoff distance of 12 A for calculating both vdW and electrostatic interactions.
Simulate the porphycene molecule with DFTB/MIO method?2. Set the integration time step as
0.5 fs for MD simulations. Maintain the temperature of the simulation system at 300 K with
Langevin thermostat. Then perform the simulations with QM*D software following the steps
below.

2. Pre-sits

2.1. Set up temperature parameters: Input templow 260, temphigh 1100 and ntemp 160 in
the input file.

NOTE: The temperature range from 260K to 1100K was spread out by QM4D software to 160
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temperature points during MD simulations. The template input files are included in
Supplementary Files.

2.2. Initiate the pre-sits: Set runtype 100 and step 120,000 in the input file. Then issue the
following command: SPATH/qm4d SINPUTFILE > SOUTPUTFILE.

NOTE: The total step is 120,000 but can be adjusted depending on the specific need. The
suggested parameters of MD simulations are saved in the SINPUTFILE. The same command is
also used in the following opt-sits and production simulation steps, with the input file modified
accordingly.

2.3. Calculating the decomposed energies

2.3.1. Extract energy changes: During the pre-sits stage, monitor the energy of each term to
calculate the mean values, as shown in Figure 1. Use grep Linux command to extract the energy
as follows:

grep ‘SITS-ener0’ SINPUTFILE | awk ‘{a+=$3;b+=54;c+=S5}END{print a/NR,b/NR,c/NR}.

2.3.2. Modify average energies in the MD input file: Calculate the average energies based on
the output of the command line above, and modify the line vshift0 -30801.95; vshiftl -26.88;
vshift2 -13888.28 in the input file with the newly generated averages.

NOTE: Numbers -30801.85, -26.88 and -13888.28 are the average energies in the current model
system. Please modify the values based on the specific systems.

3. Opt-sits

3.1. Initiate opt-sits: Set runtype 0 in the input file. Then initiate the QM*D program by typing
the command as shown in step 2.2 to start the optimization step.

3.2. Monitoring the energy changes and {n;} values.

3.2.1. Plot the energy propagation with “grace” program and make sure the energy fluctuation
can cover the lowest and the highest ends of the temperature range.

3.2.2. After optimization, save the final {n,} values of the opt-sits step into a new file, which is
named as nk.dat in this protocol.

4. Running production simulations
4.1. Prepare MD input file: Set runtype 1 in the new input file to start the production

simulation step. Specify the file name of stored {n;} file as nkfile nk.dat in the input file. The
number of time steps was set as 6,400,000 in the present systems.



214
215
216
217
218
219
220
221
222
223
224
225
226
227
228
229
230
231
232
233
234
235
236
237
238
239
240
241
242
243
244
245
246
247
248
249
250
251
252
253
254
255
256
257

4.2. Initiate production MD simulation: Issue the following command to start MD simulations:
SPATH/qma4d SINPUTFILE > SOUTPUTFILE.

NOTE: Make sure the {ny} values can be read in by the QM4D software. The simulation time is
system dependent so change the simulation step based on specific demands. Select a proper
number of time steps to ensure enough simulation time for your own system. This step is likely
time consuming, so save restart files to avoid restarting the production from the very beginning
once being disrupted.

5. Data analysis
5.1. Monitoring the distance changes

5.1.1. Monitor the bond forming and breaking process during the production phase, use the
grep command to check the distance changes of H1-N1 and H1-N2 along the simulation time.
The same operation can be conducted for H2-N3 and H2-N4. Then plot the distance
propagation using the accumulated distance value during the production simulations.

5.2. Extracting reaction coordinates

5.2.1. Extract the reaction coordinates and the energy terms from the production output file
generated by QM*D by grep command:

grep ‘dist 1’ SOUTPUTFILE | awk ‘{print $5} > distancel;

grep ‘ener0’ SOUTPUTFILE > ener0.

5.2.2. Organize data in four columns: q1, g2, Uo and U’ (Up and U’ are the output normal energy
and weighted energy), and write them into the data file at each time frame.

5.3. Calculating Free energy

5.3.1. Calculate the free energy by issuing the following command:
sits-pmf 300 SINPUTFILE PMF2 [hist_minx hist_maxx num_binsx] [hist_miny hist_maxy
num_binsy] > SOUTPUTFILE.

NOTE: sits-pmf is the histogram-based analysis method. [hist_minx hist_maxx num_binsx]
defines the range and number of bins for the first reaction coordinate. The second reaction
coordinates can be set by [hist_miny hist_maxy num_binsy].

5.3.2. To project the free energy on the two-dimensional landscape, type the following
command:
sits-pmf 300 h1-2d.dat PMF2 -0.6 0.6 24 2.45 4.25 36 > sits-pmf.out.

NOTE: Use a total of 24 bins and 36 bins to cover the distance changes in two selected reaction
coordinates, g1 and gz, respectively. Save the 2D PMF data for each hydrogen/deuterium to the
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sits-pmf.out file.

REPRESENTATIVE RESULTS:

The single deuterium substitution effect on double proton transfer process in porphycene was
examined in the current protocol (Figure 1). The potential energy of QM sub-system and the
water during pre-equilibrium and optimization step were checked to make sure the energy has
been broadened to a wider energy range (Figure 2). The representative distance and angle
changes (Figure 3 and Figure 4), and the projected free energy changes (Figure 5) were used to
characterize the deuterium substitution effect on the geometry and proton transfer process of
porphycene.

FIGURE AND TABLE LEGENDS:
Figure 1. The structures of investigated molecules. The structures of porphycene (A) and
deuterated porphycene(B).

Figure 2. The potential energy changes during MD simulations. The potential energy changes
of QM region (A) and environment (B) in pre-sits and opt-sits steps.

Figure 3. The characteristic distance changes. (A) The distance changes of H1-N1 and H2-N3 for
porphycene, and (B) the distance changes of D1-N1 and H2-N3 for deuterated porphycene
during SIRTS-QM/MM simulations; (C) the distribution of distance changes for H1-N1 and H2-
N3 for porphycene, and (D) D1-N1 and H2-N3 for deuterated porphycene.

Figure 4. The hydrogen bond angles during the production MD simulations. The hydrogen
bond angels for (A) prophycene and (B) deuterated porphycene.

Figure 5. The free energy landscape of each hydrogen transfer process that was projected on
two reaction coordinates (qi, qz2). (A) and (B) are 2D free energy landscapes of H1 and H2
transfer in porphycene; (C) and (D) 2D free energy landscape of D1 and H2 transfer in
deuterated porphycene.

Supplementary files. Topology file, force field parameter file, coordinates file and input file.
Supplementary movie 1. Porphycene.

DISCUSSION:

The structure of porphycene was shown in Figure 1. The electrostatic embedding QM/MM
hybrid potential with SITS method was used to describe the chemical reactions in water?3?4,
The proton transfer occurs within porphycene® and thus porphycene is set as QM region and
the reminding water is set as MM region. Herein we adopted DFTB/MIO as our QM method to
treat the porphycene by balancing the efficiency and accuracy?>?>. As a sampling enhancement
technique, SITS simulation was shown to broaden the distribution of Us to high-energy regions
and meantime preserve sufficient sampling around the energy region at the temperature of
interest. For current case, the energy of Us in the “opt-sits” step was broadened to wider ranges
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encompassing the energy of the standard MD simulations in the “pre-sits” step as shown in
Figure 2. Meantime, the smooth energy changes of U. indicated that the higher temperature in
the QM subsystem would not bring perturbation into the environment. SITS-QM/MM method
realized enhanced sampling at the interested QM region without affecting the potential energy
of water.

From distance changes in Figure 3, we noticed that H1 transferred from N1 to N2 to form a
transit cis state, and then initiated a consecutively rapid H2 transfer to arrive the other trans
state again; and vice versa. The dynamics proton transfer process is shown in Supplementary
Movie 1. Deuterium D1 transfer between N1 and N2 in the single deuterated porphycene
invoked the transfer of H2 between N3 and N4. Asynchronous distance changes indicated the
stepwise double proton transfer process for both of porphycene and single deuterium
substituted porphycene. The similar distance distributions of D1-N1 and H2-N3 suggested that
the cooperative effect on two hydrogen bonds?6. Consistent with previously reported primary
geometric isotope effect?5, the distance of D1-N1 is shorter than the distance of H1-N1 (1.048 A
vs. 1.051 A). As shown in Figure 3, we observed around 135, and 65 times of transfer of H or D
for porphycene and its isotopomers within 3.2 ns MD simulations, respectively. Deuteriation
may exert less effect on the hydrogen bond angles as shown in Figure 4. The sufficient sampling
on the two reaction channels enabled us to calculate the free energy changes of each proton
transfer. The obvious isotopic effect was observed in the 2D free energy landscape. The
transition state has been shifted from (0.01 A, 2.52 A) to (-0.01 A, 2.76 A) as revealed from
reaction coordinates (gi, qg2) (see Figure 5). The higher g2 value means the nonbonded
hydrogen bond were expanded. This may come from the asymmetric scaffold of the deuterated
porphycene.

Both proton transfer processes in porphycene and deuterated porphycene can be captured by
SITS-QM/MM MD simulations without pre-defining the reaction coordinates. Moreover, SITS-
QM/MM MD simulations revealed the structural difference that was introduced by isotopic
effect. The hydrogen bond D1-N1 was shortened in comparison with H1-N1. The transition
state has been shifted toward higher q; value because of an asymmetric shape caused by
deuteration. Though only subtle difference was detected in covalent hydrogen bond, the
distance difference may invoke bigger energy difference around the equilibrium bond distance.
We are planning to further validate this observation at higher level QM method in the future
studies.

The feasibility of SITS-QM/MM has been well validated in the double channel of reactions
without pre-defining reaction coordinates in the present study. This method holds potential of
searching reaction products from known reactant states if no prior reaction mechanism is
provided. We have adopted DFTB/MIO method in our current implementation of SITS-QM/MM
approach, and gained a better understanding of the isotopic effect. It is worth noting that the
implemented approach is able to capture the free energy changes, but may not capture
dynamic properties without considering the quantum tunneling effect. Still, this protocol acts as
a starting point to investigate the chemical reaction mechanisms in the condensed
environment. We expect SITS-QM/MM method to be extended to higher level QM methods
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and thus can exploit more complex systems in the future.
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Item 1 (check one box): The Author elects to have the Materials be made available (as described at

http://www.jove.com/author) via:

Item 2 (check one box):

: Standard Access \J Open Access

’\Z The Author is NOT a United States government employee.

.| The Author is a United States government employee and the Materials were prepared in the
course of his or her duties as a United States government employee.
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L | The Author is a United States government employee but the Materials were NOT prepared in the
course of his or her duties as a United States government employee.
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1. Defined Terms. As used in this Article and Video License
Agreement, the following terms shall have the following
meanings: “Agreement” means this Article and Video License
Agreement; “Article” means the article specified on the last
page of this Agreement, including any associated materials
such as texts, figures, tables, artwork, abstracts, or summaries
contained therein; “Author” means the author who is a
signatory to this Agreement; “Collective Work” means a work,
such as a periodical issue, anthology or encyclopedia, in which
the Materials in their entirety in unmodified form, along with a
number of other contributions, constituting separate and
independent works in themselves, are assembled into a
collective whole; “CRC License” means the Creative Commons
Attribution-Non ~ Commercial-No  Derivs 3.0 Unported
Agreement, the terms and conditions of which can be found
at: http://creativecommons.org/licenses/by-nc-
nd/3.0/legalcode; “Derivative Work” means a work based
upon the Materials or upon the Materials and other pre-
existing works, such as a translation, musical arrangement,
dramatization, fictionalization, motion picture version, sound
recording, art reproduction, abridgment, condensation, or any
other form in which the Materials may be recast, transformed,
or adapted; “Institution” means the institution, listed on the
last page of this Agreement, by which the Author was
employed at the time of the creation of the Materials; “JoVE”
means Mylove Corporation, a Massachusetts corporation and
the publisher of The Journal of Visualized Experiments;
“Materials” means the Article and / or the Video; “Parties”
means the Author and JoVE; “Video" means any video(s) made
by the Author, alone or in conjunction with any other parties,
or by JoVE or its affiliates or agents, individually or in
collaboration with the Author or any other parties,
incorporating all or any portion of the Article, and in which the
Author may or may not appear.
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2. Background. The Author, who is the author of the Article,
in order to ensure the dissemination and protection of the
Article, desires to have the JoVE publish the Article and create
and transmit videos based on the Article. In furtherance of
such goals, the Parties desire to memorialize in this Agreement
the respective rights of each Party in and to the Article and the
Video.

3. Grant of Rights in Article. In consideration of JoVE agreeing
to publish the Article, the Author hereby grants to JoVE,
subject to Sections 4 and 7 below, the exclusive, royalty-free,
perpetual (for the full term of copyright in the Article,
including any extensions thereto) license (a) to publish,
reproduce, distribute, display and store the Article in all forms,
formats and media whether now known or hereafter
developed (including without limitation in print, digital and
electronic form) throughout the world, (b) to translate the
Article into other languages, create adaptations, summaries or
extracts of the Article or other Derivative Works (including,
without limitation, the Video) or Collective Works based on all
or any portion of the Article and exercise all of the rights set
forth in (a) above in such translations, adaptations,
summaries, extracts, Derivative Works or Collective Works and
(c) to license others to do any or all of the above. The
foregoing rights may be exercised in all media and formats,
whether now known or hereafter devised, and include the
right to make such modifications as are technically necessary
to exercise the rights in other media and formats. If the “Open
Access” box has been checked in Item 1 above, JoVE and the
Author hereby grant to the public all such rights in the Article
as provided in, but subject to all limitations and requirements
set forth in, the CRC License.
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4. Retention of Rights in Article. Notwithstanding the
exclusive license granted to JoVE in Section 3 above, the
Author shall, with respect to the Article, retain the non-
exclusive right to use all or part of the Article for the non-
commercial purpose of giving lectures, presentations or
teaching classes, and to post a copy of the Article on the
Institution’s website or the Author’s personal website, in each
case provided that a link to the Article on the JoVE website is
provided and notice of JoVE's copyright in the Article is
included. All non-copyright intellectual property rights in and
to the Article, such as patent rights, shall remain with the
Author,

5. Grant of Rights in Video — Standard Access. This Section 5

applies if the “Standard Access” box has been checked in Item
1 above or if no box has been checked in Item 1 above. In
consideration of JoVE agreeing to produce, display or
otherwise assist with the Video, the Author hereby
acknowledges and agrees that, Subject to Section 7 below,
JoVE is and shall be the sole and exclusive owner of all rights of
any nature, including, without limitation, all copyrights, in and
to the Video. To the extent that, by law, the Author is
deemed, now or at any time in the future, to have any rights
of any nature in or to the Video, the Author hereby disclaims
all such rights and transfers all such rights to JoVE.

6. Grant of Rights in Video — Open Access. This Section 6

applies only if the “Open Access” box has been checked in
Item 1 above. In consideration of JoVE agreeing to produce,
display or otherwise assist with the Video, the Author hereby
grants to JoVE, subject to Section 7 below, the exclusive,
royalty-free, perpetual (for the full term of copyright in the
Article, including any extensions thereto) license (a) to publish,
reproduce, distribute, display and store the Video in all forms,
formats and media whether now known or hereafter
developed (including without limitation in print, digital and
electronic form) throughout the world, (b) to translate the
Video into other languages, create adaptations, summaries or
extracts of the Video or other Derivative Works or Collective
Works based on all or any portion of the Video and exercise all
of the rights set forth in (a) above in such translations,
adaptations, summaries, extracts, Derivative Works or
Collective Works and (c) to license others to do any or all of
the above. The foregoing rights may be exercised in all media
and formats, whether now known or hereafter devised, and
include the right to make such modifications as are technically
necessary to exercise the rights in other media and formats.
For any Video to which this Section 6 is applicable, JoVE and
the Author hereby grant to the public all such rights in the
Video as provided in, but subject to all limitations and
requirements set forth in, the CRC License.

7. Government Employees. If the Author is a United States
government employee and the Article was prepared in the
course of his or her duties as a United States government
employee, as indicated in Item 2 above, and any of the
licenses or grants granted by the Author hereunder exceed the
scope of the 17 U.S.C. 403, then the rights granted hereunder
shall be limited to the maximum rights permitted under such
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statute. In such case, all provisions contained herein that are

not in conflict with such statute shall remain in full force and
effect, and all provisions contained herein that do so conflict shall
be deemed to be amended so as to provide to JoVE the maximum
rights permissible within such statute.

8. Protection of the Work. The Author(s) authorize JoVE to take
steps in the Author(s) name and on their behalf if JoVE believes
some third party could be infringing or might infringe the
copyright of either the Author’s Article and/or Video.

9. Likeness, Privacy, Personality. The Author hereby grants JoVE
the right to use the Author's name, voice, likeness, picture,
photograph, image, biography and performance in any way,
commercial or otherwise, in connection with the Materials
and the sale, promotion and distribution thereof. The Author
hereby waives any and all rights he or she may have, relating to
his or her appearance in the Video or otherwise relating to
the Materials, under all applicable privacy, likeness, personality
or similar laws.

10. Author Warranties. The Author represents and warrants that
the Article is original, that it has not been published, that the
copyright interest is owned by the Author (or, if more than one
author is listed at the beginning of this Agreement, by such
authors collectively) and has not been assigned, licensed, or
otherwise transferred to any other party. The Author
represents and warrants that the author(s) listed at the top of this
Agreement are the only authors of the Materials. If more than one
author is listed at the top of this Agreement and if any such
author has not entered into a separate Article and Video License
Agreement with JoVE relating to the Materials, the Author
represents and warrants that the Author has been authorized by
each of the other such authors to execute this Agreement on his
or her behalf and to bind him or her with respect to the terms of
this Agreement as if each of them had been a party hereto as an
Author. The Author warrants that the use, reproduction,
distribution, public or private performance or display, and/
or madification of all or any portion of the Materials does not
and will not violate, infringe and/or misappropriate the patent,
trademark, intellectual property or other rights of any third
party. The Author represents and warrants that it has and
will continue to comply with all government, institutional
and  other regulations, including, without limitation all
institutional, laboratory, hospital, ethical, human and animal
treatment, privacy, and all other rules, regulations, laws,
procedures or guidelines, applicable to the Materials, and that all
research involving human and animal subjects has been approved
by the Author's relevant institutional review board.

11. JoVE Discretion. If the Author requests the assistance of JoVE
in producing the Video in the Author's facility, the Author shall
ensure that the presence of JoVE employees, agents or
independent contractors is in accordance with the relevant
regulations of the Author's institution. If more than one
author is listed at the beginning of this Agreement, JoVE may, in its
sole discretion, elect not take any action with respect to the Article
until such time as it has received complete, executed Article
and Video License Agreements from each such author. JoVE
reserves the right, in its absolute and sole discretion and without
giving any reason therefore, to accept or decline any work
submitted to JoVE. JoVE and its employees, agents and
independent contractors shall have
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full, unfettered access to the facilities of the Author or of the
Author’s institution as necessary to make the Video, whether
actually published or not. JoVE has sole discretion as to the
method of making and publishing the Materials, including,
without limitation, to all decisions regarding editing, lighting,
filming, timing of publication, if any, length, quality, content
and the like.

11. Indemnification. The Author agrees to indemnify JoVE
and/or its successors and assigns from and against any and all
claims, costs, and expenses, including attorney’s fees, arising
out of any breach of any warranty or other representations
contained herein. The Author further agrees to indemnify and
hold harmless JoVE from and against any and all claims, costs,
and expenses, including attorney’s fees, resulting from the
breach by the Author of any representation or warranty
contained herein or from allegations or instances of violation
of intellectual property rights, damage to the Author’s or the
Author’s institution’s facilities, fraud, libel, defamation,
research, equipment, experiments, property damage, personal
injury, violations of institutional, laboratory, hospital, ethical,
human and animal treatment, privacy or other rules,
regulations, laws, procedures or guidelines, liabilities and
other losses or damages related in any way to the submission
of work to JoVE, making of videos by JoVE, or publication in
JoVE or elsewhere by JoVE. The Author shall be responsible
for, and shall hold JoVE harmless from, damages caused by
lack of sterilization, lack of cleanliness or by contamination
due to the making of a video by JoVE its employees, agents or
independent contractors.  All sterilization, cleanliness or
decontamination procedures shall be solely the responsibility
of the Author and shall be undertaken at the Author's
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expense. All indemnifications provided herein shall include
JoVE's attorney’s fees and costs related to said losses or
damages. Such indemnification and holding harmless shall
include such losses or damages incurred by, or in connection
with, acts or omissions of JoVE, its employees, agents or
independent contractors.

12. Fees. To cover the cost incurred for publication, JoVE
must receive payment before production and publication the
Materials. Payment is due in 21 days of invoice. Should the
Materials not be published due to an editorial or production
decision, these funds will be returned to the Author.
Withdrawal by the Author of any submitted Materials after
final peer review approval will result in a US$1,200 fee to
cover pre-production expenses incurred by JoVE. If payment is
not received by the completion of filming, production and
publication of the Materials will be suspended until payment is
received.

13. Transfer, Governing Law. This Agreement may be
assigned by JoVE and shall inure to the benefits of any of

JoVE's successors and assignees. This Agreement shall be
governed and construed by the internal laws of the
Commonwealth of Massachusetts without giving effect to any
conflict of law provision thereunder. This Agreement may be
executed in counterparts, each of which shall be deemed an
original, but all of which together shall be deemed to me one
and the same agreement. A signed copy of this Agreement
delivered by facsimile, e-mail or other means of electronic
transmission shall be deemed to have the same legal effect as
delivery of an original signed copy of this Agreement.
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Rebuttal Letter

Click here to access/download;Rebuttal Letter;rebuttal
letter_R2.docx

Editorial comments:

Reply: Thanks for the comments to improve our manuscript.

The manuscript has been modified and the updated manuscript, 60040_R1.docx, is attached and
located in your Editorial Manager account. Please use the updated version to make your

revisions.

1. Step 1.1, 1.2: Is a software being used in this step? If yes, a step-wise description of software
usage must be included in the step. Please mention what button is clicked on in the software, or
which menu items need to be selected to perform the step. If not, please add more details to the

steps. Please ensure you answer the “how” question, i.e., how is the step performed?

Reply: We thank editor for the detailed comments. The model either can be downloaded

from PubChem (https://pubchem.ncbi.nlm.nih.gov/compound/Porphycene) or be built

manually by “GaussView” software. Here we would like to add the following approach in
our revised manuscript. To make sure the readers can follow the steps, we changed Step 1.1
and step 1.2 thoroughly as follows. Hope the step-wise description can ensure the readers to

reproduce the results.
We have changed from

«1.1 Build model: Solvate porphycene in a cubic TIP3P?* water box with an edge length of 38 A.
Replace one intramolecular hydrogen atom of porphycene with deuterium to build single

>

deuterium substituted porphycene.’

To

(13

1.1 Build porphycene structure: Open “GaussView” sofiware by double-click the mouse. Then
click “Element Fragment” button in the menu of the “GaussView” to choose the needed
elements. Single-click mouse to construct porphycene. Then click “File” button to save as the
pdb file.

L]


https://pubchem.ncbi.nlm.nih.gov/compound/Porphycene
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1.2 Solvate the model: Solvate porphycene in a cubic TIP3P water box with an edge length of 38

A by issuing the command in the linux operating system.

“genbox_d -cp prp-vac.pdb -cs spc216.gro -o solv.pdb -maxsol 1484 —box 3.8”

1.3 Build deuterium porphycene: Issue the following command to generate topology file.
“cns < ppi_solv.inp”

Then open “prp-wat.psf” with “vi” command and change the mass of H1 from 1.00800 to
2.01600" to replace one intramolecular hydrogen atom of porphycene with deuterium to build

single deuterium substituted porphycene.

2

We have added the follows at line 151-152 in the revised manuscript,

“Input “method scctb”, “integral 0.5 fs”, and “cutoff 12" in the MD input file by opening it with

(13 ) b2
vi”’ command.

2. 2.1: Please write this step in the imperative tense.
Reply 2: We have changed Step 2.1 from

2.1 Set up temperature parameters: QM4D reads the molecular dynamics parameters from the
input file. For SITS simulations, the temperature range was evenly spread out from 260K to

1100K by 160 temperature points. The input files are supplied as the supporting materials.”
to

«2.1 Set up temperature parameters: Input “templow 260", “temphigh 1100” and “ntemp 160"

in the input file.

NOTE: The temperature range from 260K to 1100K was spread out by “OM4D” software to 160
temperature points during MD simulations. The template input files are supplied as the

supporting materials.”



3. 5.2.2: Please write this step in the imperative tense.
Reply 3: We have changed Step 2.2 from

“Set “runtype 100" in the input file to start the equilibrium simulations. The total step is
120,000 but can be adjusted depending on the specific needs.”

To
“Set “runtype 100" and “step 120,000 in the input file. Then issue the following command,
$PATH/gm4d $SINPUTFILE > $OUTPUTFILE

NOTE: The total step is 120,000 but can be adjusted depending on the specific needs.”

4. 5.3.3: Please write this step in the imperative tense.

Reply 4: Step 5.3.3 is not a single step. It explains the command of Step 5.3.2. We are sorry
for the misleading and replace “5.3.3” with a “NOTE” word.

5. For in-text referencing, please add the reference number before a comma or period.

Reply 5: Thanks for the reminding. We have moved the reference number before the

period accordingly.

6. Figure 2: Please add a short description of the figure in Figure Legend.

Reply 6: Thanks for the comments. We have added a short description of Figure 2 as

follows,

“Figure 2. The potential energy changes during MD simulations. The potential energy

changes of QM region (A) and environment (B) in pre-sitsand opt-sits steps.”



7. Figure 4: Please add a short description of the figure in Figure Legend.

Reply 7: Thanks for the comments. We have added a short description of Figure 4 as

follows,

“Figure 4. The hydrogen bond angles during the production MD simulations. The hydrogen
bond angels for (A) prophycene; and (B) deuterated porphycene.”
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