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Abstract

Researchers in chemistry and biology often utilize computer simulations, in conjunction with ex-

perimental data, to model and predict the structures, energies, kinetics, processes, and functions of

the systems that are their focus of study, ranging from single molecules to whole viruses. Here,

we use molecular dynamics (MD) techniques to gain a deeper understanding of biomolecular pro-

cesses in biology and biotechnology-oriented applications. Using a mixture of equilibrium and

non-equilibrium MD simulations, this work describes the insertion process of YidC at the atomic

level. In order to better comprehend the insertion process, several docking models of YidC-Pf3 in

the lipid bilayer were created. We employed conventional molecular dynamics simulations com-

bined with a non-equilibrium approach to undertake a thorough analysis of the conformational

difference between the two docking models produced. Our results show that this high-affinity as-

sociation requires the YidC transmembrane (TM) groove, and that the hydrophilic YidC groove is

crucial for protein trafficking through the cytoplasmic membrane bilayer to the periplasmic side.

The Pf3 coat protein is mechanistically affected by conformational changes in the YidC TM do-

main and membrane core at various phases of the insertion process. The hydration and dehydration

of the YidC’s hydrophilic groove are also crucial throughout the insertion phase. These findings

show that during insertion, Pf3’s coat protein interacts with the membrane and YidC in a variety

of conformational states. Finally, the thorough investigation directly supports YidC’s role as a

independent insertase. We have performed the first comprehensive analysis of the gram-negative

bacterial YidC protein using microsecond-level all-atom MD simulations. By using equilibrium

MD simulations, this study clarifies the relevance of many domains in the YidC structure at the

atomic level. The purpose of this study was to describe the crucial function of the C2 loop and

the periplasmic domain found in gram-negative YidC, which is lacking in its gram-positive coun-

terpart. Various models of YidC embedded in the lipid bilayer were created. According to our

findings, the C2 loop stabilizes the protein overall, especially in the transmembrane region, and it

also has an allosteric effect on the periplasmic domain. Important intra- and inter-domain inter-

actions that support the protein’s stability and functionality have been identified. Lastly, we also



provide a unique computational method for predicting the trend of the size and activity of peptide-

directed nanoparticles by calculating the peptide’s binding affinity to a single ion. To examine

how the solitary, Green Fluorescent Protein (GFP)-fused peptides behave differently from one an-

other, we used MD simulations. The usual nanoparticle sizes observed from images taken with a

transmission electron microscope are in line with the binding free energies we estimated for pal-

ladium (Pd). Additionally, computationally estimated Pd binding affinities match Stille coupling

and Suzuki-Miyaura reaction turnover frequencies (TOF). The findings demonstrate that although

employing Pd4 and its two known variations (A6 and A11) alone results in nanoparticles of var-

ious sizes, fusing these peptides to the GFPuv protein results in nanoparticles with comparable

sizes and activity. To put it another way, the GFPuv makes the nanoparticles less sensitive to the

peptide sequence. In this study, a computational framework for making peptides that are both free

and attached to proteins is shown. This makes it easier to make nanoparticles with well-defined

properties.
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Introduction

Researchers in the fields of chemistry and biology now routinely combine computer simulations

with a wide range of experimental information to learn and make predictions about the structures,

energies, kinetics, mechanisms, and functions of many fascinating and important systems, which

can range in size from single molecules to entire viruses [1, 2]. The steady development of new

technologies and their applications, such as the use of large simulation programs and state-of-the-

art methodologies, now allow us to observe the molecules of life in action, resulting in a scientific

revolution just as impactful as the introduction of light microscopes and X-ray techniques in the

seventeenth and nineteenth centuries [1]. The ability to use bio-molecular modeling and simula-

tion in both basic and applied research has allowed us to propose and answer new questions and

explore tough challenges. Examples of challenges that need to be addressed include elucidating

the pathways by which proteins fold or function, identifying new therapeutic targets for common

human diseases, and creating novel materials and pharmaceuticals [1, 3, 4, 5, 6, 7, 8, 9, 10, 11, 12].

Atomistic molecular dynamics (MD) simulation have become a standard technique for inves-

tigating the behavior of proteins in explicit aqueous and membrane environments [3, 4, 5, 6, 7,

8, 9, 10, 11, 12]. This is one of the reasons why all-atom MD is so effective. The vast majority

of MD-based studies begin with the presumption that local conformational changes which are ob-

served in brief simulations at the nanosecond level can be used to accurately describe functionally

relevant large-scale conformational transitions that take place over much longer timescales [3, 4,

5, 6, 7, 8, 9, 10, 11, 12]. This study focuses on the use of diverse computational methodologies

in decoding the mechanistic intricacies of bio-molecular processes in biology and biotechnology

related applications.

This study used microsecond-level MD simulations to examine the conformational changes

relevant to the membrane insertion process of YidC in gram-positive and gram-negative bacte-

ria. During the process of membrane protein co-translation, about 33 percent of all membrane

proteins are inserted and embedded in the plasma membrane bilayer [13, 14, 15, 16, 17, 18, 19].

YidC, Oxa1, and Alb3 are membrane proteins that collaborate to fold incoming peptides into the

1



membrane in the most time and energy-effective manner feasible [20, 21, 22, 23, 24, 25, 26]. In

the course of a laboratory investigation, it was shown that the membrane insertion and folding

processes of over sixty different cytoplasmic membrane proteins were significantly inserted when

YidC was not present [20, 21, 22, 23, 24, 25, 26]. Gram-negative and gram-positive bacterial YidC

are believed to promote membrane insertion simply by binding nascent chains and promoting their

insertion into the lipid bilayer using cytoplasmic loop interactions, hydrophobic force, and inter-

actions in the groove [27, 28, 29, 30] with the last one being of particular interest to this work.

A large number of previous researchers have suggested a variety of possible explanations for the

YidC independent process [31, 32, 33, 34, 35, 36, 30]. However, the global and local structural

changes that take place in YidC as a result of the process are not entirely described at this time. It

is not known how the cytoplasmic hairpin region of YidC and the water molecule that is located

within the groove area of YidC contribute to the insertion process in any way. How would the struc-

ture and conformation of the peptide or protein that was being processed change throughout this

process? In this study, we focused on examining the Sec-independent insertion of gram-negative

and gram-positive YidCs. According to the findings of our study, the C2 loop of gram-positive and

gram-negative YidC is important for the overall stability of the protein, most notably in the trans-

membrane region, and has an allosteric effect on the periplasmic domain of gram-negative YidC.

We have identified important interactions that contribute to the protein’s stability and functionality.

Lastly, our research proposes a SecY-independent insertion mechanism for both gram-positive and

gram-negative bacterial YidC.

Recent developments in the field of nanotechnology have led to the creation of a wide variety

of effective processes for the production and characterization of nanoparticles. Within the past

two decades in particular, many peptides have been introduced to identify inorganic metal sur-

faces [37, 38, 39, 40, 41, 42, 43, 44, 45, 46, 47, 48, 49, 50]. Some of these peptides have been

utilized to produce nanoparticles. The production of nanoparticles of variable sizes, shapes, or

aggregation stabilities by employing peptide immobilization has applications in several sub-fields

of biotechnology, including sensors and bioanalytical techniques [51, 52, 53]. The configuration

2



of the nanoparticle assemblies produced by this method have the potential to be sensitive to even

minute changes in the content and sequence of the peptide conjugate. It has recently come to light

that the composition of the nanoparticles can be regulated by carefully manipulating the peptide

sequence [54, 55, 56].

The size and shape of nanoparticles have a significant impact on their physical and chemical

characteristics. Nanoparticles (NPs) may take on a variety of shapes and sizes [57, 58, 59]. It is

probable that the design of the spatial arrangement of NPs and the structure of their interfaces will

help in detecting correlations between structure and property as well as boosting performance. In

the field of nanotechnology, atomistic simulation techniques such as MD, which offer a physical

insight into understanding phenomena on an atomic scale and make it possible to predict some

properties of nanomaterials, have emerged as powerful tools. These techniques provide a physical

insight into understanding the phenomena on an atomic scale. This is due to the fact that these

methodologies make it possible to comprehend the occurrences on a scale that is even smaller

than atoms. It is anticipated that atomistic simulations might increasingly play a vital role as an

alternative to experimental approaches in the field of nanomaterials. This is due to the fact that

the experimental investigation of nanomaterials would unavoidably face numerous technological

challenges, not to mention concerns regarding the cost.

The primary objective of this section of our research is to construct a computational model that

will allow us to investigate the peptide-nanoparticle interaction in the context of free peptides as

well as peptides that are bound to proteins. We do not claim to have a technique that completely

explains all elements of the interaction between peptides and nanoparticles: indeed, the interaction

with a single Pd ion is the only subject of our attention in this body of work. It is interesting to

note that the Pd binding free energies that were measured for several systems, including isolated

and GFPuv-fused Pd4 as well as its two known mutants (H6A and H11A, denoted A6 and A11

respectively), provided a good predictor of the behavior of the resulting nanoparticles, both in

terms of their sizes and their activities.
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Abstract

YidC is a membrane protein that facilitates the insertion of newly synthesized proteins into lipid

membranes. Through YidC, proteins are inserted into the lipid bilayer via the SecYEG-dependent

complex. Additionally, YidC functions as a chaperone in protein folding processes. Several studies

have provided evidence of its independent insertion mechanism. However, the mechanistic details

of the YidC SecY-independent protein insertion mechanism remain elusive at the molecular level.

This study elucidates the insertion mechanism of YidC at an atomic level through a combination

of equilibrium and non-equilibrium molecular dynamics (MD) simulations. Different docking

models of YidC-Pf3 in the lipid bilayer were built in this study to better understand the insertion

mechanism. To conduct a complete investigation of the conformational difference between the two

docking models developed, we used classical molecular dynamics simulations supplemented with

a non-equilibrium technique. Our findings indicate that the YidC transmembrane (TM) groove is

essential for this high-affinity interaction and that the hydrophilic nature of the YidC groove plays

an important role in protein transport across the cytoplasmic membrane bilayer to the periplasmic

side. At different stages of the insertion process, conformational changes in YidC’s TM domain

and membrane core have a mechanistic effect on the Pf3 coat protein. Furthermore, during the

insertion phase, the hydration and dehydration of the YidC’s hydrophilic groove are critical. These

results demonstrate that Pf3 coat protein interactions with the membrane and YidC vary in different

conformational states during the insertion process. Finally, this extensive study directly confirms

that YidC functions as an independent insertase.
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Introduction

Approximately 33% of all membrane proteins are inserted and embedded in the plasma membrane

bilayer during co-translation [1, 2]. The membrane proteins YidC/Oxa1/Alb3 work to fold in-

coming peptides into the membrane as efficiently as possible [3, 4, 5, 6, 7]. In an experimental

study, over sixty cytoplasmic membrane proteins were found whose membrane insertion/folding is

substantially hindered in the absence of YidC [8]. YidC catalyzes the transmembrane insertion of

newly synthesized membrane proteins in the absence of an energy supply domain, such as an AT-

Pase [9], and is also involved in the insertion and placement of membrane proteins in microbes. The

extent to which insertase proteins are required for inserting proteins into the membrane has been

thoroughly investigated. They can be found in all kingdoms of life and are necessary for cell viabil-

ity [10, 11, 12, 13]. They are adaptable proteins and can function along with the SecYEG pathway

to insert peptides into the membrane through the Signal Recognition Particle (SRP) mechanism.

They can fold and insert proteins independently of the Sec pathway [10, 14, 15, 16, 17, 18, 19, 20].

This study primarily focuses on the conformational dynamics of YidC, including both local and

global conformational changes involved in the insertion process of the Pf3 coat protein.
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Figure 1: The cartoon representation of YidC and the schematic illustration of the
SecY-independent insertion mechanism. A cartoon representation of YidC’s C1
and C2 loops on the cytoplasmic side (left). Schematic illustration of the YidC
Sec-independent insertion of polypeptide (right).

YidC completes its function either independently as a membrane insertase or as a chaperone

in the SecYEG complex mechanism. In an experimental study, the deletion of YidC resulted in a

11



conformational change of LacY during the insertion process by the SecYEG complex [21]. Hence,

YidC plays a critical role in the insertion of the LacY lactose permease membrane layer protein [22,

16, 23, 24, 25]. Also, YidC is involved in the incorporation of subunit II of cytochrome o oxidase

in E.Coli [26, 27, 28]. Initially, the Sec-autonomous pathway was thought to function without the

contribution of an insertase. However, many studies have demonstrated that YidC is fundamental

for the addition of small phage coat proteins like Pf3 and M13 in a Sec-free pathway [10, 25, 29,

30, 31, 32, 33, 34].

A few experimental studies have explored the role of YidC in various microbial organisms.

The genomes of most gram-positive microscopic organisms encode two YidC proteins: YidC1 and

YidC2 [35, 36]. Although YidC typically exists as a dimer or tetramer [37] under physiological

conditions, it was discovered that YidC can also function as a monomer in lipid bilayers [9, 25, 38,

39].

The protein is firmly anchored in the lipid bilayer by interfacial aromatic residues, a cytoplas-

mic salt-bridge group, and a periplasmic helix enhanced with aromatic residues. The aromatic

residues above the R72 amino acid in YidC from Bacillus halodurans may offer a polar hydropho-

bic surface for the insertion of peptides into the lipid bilayer [40, 41].

The C–terminus of monomeric YidC cooperates with the ribosomes, and the short interhelical

loops come into contact with the ribosomal proteins [42]. YidC is believed to promote membrane

insertion simply by binding nascent chains and promoting their insertion into the lipid bilayer using

hydrophobic force [9]. The hydrophilic groove inside the membrane core of the YidC will increase

the rate of accepting the hydrophilic moieties of a substrate into the membrane [43, 44]. The YidC

hydrophilic region traverses the inner side of the membrane and is closed to the periplasmic side

of the bilayer. This decreases the hydrophobicity of the membrane towards the external side of the

lipid bilayer. This hypothesis of the YidC mechanism provides excellent opportunity to study the

conformational dynamics of YidC. In the first step, it interacts with a hydrophilic protein region

temporarily in its groove, and in the second step, this peptide is translocated to the periplasmic

side [18].
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Many prior studies have reported various explanations of the YidC independent mechanism.

However, the global and local structural changes that occur in YidC during the process are not com-

pletely defined. It’s unknown how the cytoplasmic hairpin region of YidC and the water molecule

inside the groove area of YidC take action during the insertion process. How would the incoming

peptide or protein’s structure and conformation change during the process? We examined this topic

using a combination of docking, classical molecular dynamics, and non-equilibrium simulations

to analyze Sec-independent YidC’s (Fig. 1) insertion of the Pf3 coat protein into the membrane.

In this study, we looked at the local and global conformational changes of YidC associated with

Pf3 coat protein insertion into the hydrophilic groove, Pf3 coat protein interactions with YidC and

the membrane, and conformational changes in Pf3 coat protein that occurred during the insertion

process.

Methods

The crystal structure of YidC (PDB:3WO7 [45]) was downloaded from the Protein Data Bank. Ini-

tially, the system was prepared using the Molecular Operating Environment (MOE) software [46]

by removing the water molecules from the crystal structure and assigning the appropriate protona-

tion states for the residues using the protonate3D facility.

We used MOE software to create two docking structures of the Pf3 coat protein interacting

with YidC based on the previously hypothesized stages involved in the YidC sec-independent in-

sertion process [9, 47, 48]. In pose1, Pf3 coat protein is docked in the YidC’s hydrophilic groove

(Fig. 2A) to evaluate probable interactions and conformational changes in the mechanism’s initial

phase. The Pf3 coat protein is docked near to the periplasmic side (Fig. 2A) of the protein in pose2

to identify the interactions and conformational changes involved in the mechanism’s final phase.

Biased and unbiased all-atom molecular dynamics (MD) simulations were performed to charac-

terize the conformational differences of the two bacterial YidC2 - Pf3 docking models pose1 and

pose2 (Fig. 2A) in a membrane environment.

All simulations were performed with the NAMD 2.13 [49] using the CHARMM36m [50] force
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field [51]. TIP3P [52] waters were used to solvate the protein. YidC was inserted into the lipid

bilayer, solvated, and ionized using the membrane builder on CHARMM-GUI [53]. In these MD

studies, we used palmitoyloleoyl phosphatidylethanolamine (POPE) lipids to build a lipid bilayer.

A membrane layer surface of 110 Å × 110 Å was built along the XY plane. The protein lipid-

assembly was solvated in water with 25 Å thick layers of water on top and bottom. 0.15 M of

Na+ and Cl− ions were added to the solution with a slight modification in the number of ions to

neutralize the system. The solvated system contained ≈142000 atoms. Before the equilibrium

simulation, the structure was energy minimized using the conjugate gradient algorithm [54]. Fol-

lowing that, we used the standard CHARMM-GUI [53] protocol to progressively relax the systems

using restrained MD simulations. In the NPT ensemble at 310 K, 550 ns of equilibrium MD simu-

lations were performed under periodic boundary conditions for each system. In the simulations, a

Langevin integrator with a damping coefficient of γ =0.5 ps−1 and 1 atm pressure was maintained

using the Nose-Hoover Langevin piston method [55, 56].

Trajectories were visualized and analyzed using VMD software [57]. Salt bridge interaction

analysis was conducted via VMD plugins. For salt bridge analysis, the cut-off distance was set

at 4 Å and the distance between the oxygen atoms of the acidic residues and the nitrogen atoms

of basic residues were calculated. The interhelical angles were calculated as the angle between

the third principal axes of the corresponding helices [58, 59]. The TM helices and other sub-

domains were defined for analysis as follows: TM1a (58−78), TM1b (79−104), TM2 (134−155),

TM3 (175−190), TM4 (219−233), TM5 (233−258), C1 region (84−133), C2 loop (195−216),

and modified C-terminal region (256−272) respectively. The number of contacts within 3 Å of

selection was measured for contact analysis. We counted the number of water molecules within

5 Å of R72 for water analysis. For the Pf3 coat protein bending angle, we chose two pairs of

residues selection for the top (ASP7-ASP18) and bottom (ASP18-LEU29) regions of Pf3 coat

protein and measured their third principal axes, denoted by v1 and v2, respectively. The angle

between the two vectors was calculated as 180◦− arccos( v1·v2
|v1||v2|). Principal component analysis

(PCA) was performed on each trajectory using PRODY [60] software. Only Cα atoms of the
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peptide were considered in the PCA calculations of both docking simulations. The VMD plugin

MEMBPLUGIN was used to calculate the area per lipid and the deterium order parameter of

equilibrated POPE membranes [61].

The combination of equilibrium and non-equilibrium MD simulations has proven effective for

investigating biological challenges [62, 63, 64, 65, 66, 67, 68, 69, 13]. In this work, the YidC

independent insertion mechanism was studied using non-equilibrium targeted MD (TMD) as im-

plemented within the colvars module of NAMD [70].

A TMD simulation was performed on the final conformation of the pose 1 system obtained

from the 550 ns equilibrium trajectory in order to transfer the Pf3 coat protein to the periplasmic

side of the membrane, as seen in pose 2. The RMSD collective variable was used in the TMD

simulation. As a collective variable, we used the RMSD of Pf3 coat protein backbone atoms from

the last frame of pose2’s equilibrium simulation trajectory. The TMD simulation was run for 100

ns with a force constant of 44 kcal/mol/Å2. To ensure conformational accuracy, the final frame

of the targeted MD simulation was equilibrated for 20 ns without any restraints.

Results and Discussion

YidC Undergoes Major Conformational Changes in Sec-independent Insertion Process.

A protein must undergo various local and global conformational changes in a mechanism. A set

of approximate docking models (Fig. 2A) of YidC and Pf3 coat protein were developed to repre-

sent the insertion process.The docking postures created for this study were constructed based on

hypotheses previously proposed in the literature [71, 9, 47, 48], that C1 and C2 loop regions could

detect the substrate initially during YidC SecY-independent insertion. Because of electrostatic and

hydrophilic interactions between the substrate and YidC, the substrate is then momentarily trapped

within the YidC groove. Following that, the captured substrate protein is transferred from the

cavity into the membrane through hydrophobic interactions between membrane lipids and the pro-

tein. We utilized MOE docking software to produce 20 distinct docking positions that were sorted

according to docking scores. For the simulations, we chose the top posture (i.e., pose1) and the
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Figure 2: Structural stability evaluation of YidC and Pf3 coat protein in the in-
sertion process. (A) Cartoon representation of pose1 & pose2 docking models
generated based on the YidC (PDB:3WO7) Pf3 coat protein insertion process, as
described previously in methods. (B) The bending angle of the Pf3 coat protein
helix in pose1 (red) and pose2 (blue) models shown as a function of time. (C &
D) Root mean square deviation of the YidC & Pf3 coat protein in pose1 (red) and
pose2 (blue) models. Based on RMSD results, we have observed that in pose2
stage the YidC is significantly more stable compared to the pose1 state.

eighth pose (i.e., pose2) from the 20 docked positions. The top posture was chosen since it was

rated first by MOE and represented an intermediate stage of insertion. On the other hand, the 8th

pose was selected since it was the highest ranked pose among the ones representing a late stage of

insertion. MD simulations of these docking models were performed to investigate various confor-

mational characteristics to see how YidC and Pf3 coat protein altered conformational properties

during the insertion process. Several measures or quantities linked to local and global conforma-

tional properties were evaluated and monitored for the two conformational poses developed in this

study. The Cα root mean square deviation (RMSD) of the systems were evaluated independently

of the framework to test the impact of the Pf3 coat protein on YidC’s global structure. It was found

that the Pf3 coat protein had a relatively comparable RMSD in the two models simulated in this
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study (Fig. 2D). However, the YidC protein fluctuated more in pose 1 (Fig. 2C) than in pose 2

(Fig. 2C).

At the start of a process or mechanism, a protein is anticipated to undergo substantial con-

formational changes. The fact that YidC’s RMSD in pose 1 (Fig. 2C) is 2 Å greater than that in

pose 2 (Fig. 2C) suggests that YidC goes through significant conformational changes at the start

of the process. In a recent computational analysis reported by us, the RMSD of the YidC without

Pf3 coat protein was determined to be less than 4 Å, which is lower than what we observed in the

presence of Pf3 coat protein [72]. The lower RMSD in the absence of Pf3 coat protein supports our

hypothesis that YidC protein undergoes major conformational changes in the presence of Pf3 coat

protein. This demonstrates that the effect of Pf3 coat protein insertion into the membrane differs

depending on the stage of the process. Although we see comparable RMSD of Pf3 coat protein in

both poses, the Pf3 coat protein bending angle analysis (Fig. 2A) more clearly suggests a structural

difference between the two states in support of our hypothesis.

The bending angle indicates that Pf3 coat protein has a lower bend at the start of the insertion

process and changes its conformation inside the YidC groove (Fig. 2A) as it progresses deeper into

the groove. This brings us to the conclusion, that Pf3 coat protein undergoes major conformational

changes to adapt to the YidC groove environment during the insertion process. In the next investi-

gation, additional local components of YidC were rigorously investigated to elucidate more details

of the insertion process.

Widening of the Transmembrane Domain is Essential for Incorporation of Proteins in Mem-

brane During the Insertion Process.

Previous studies have revealed that the YidC transmembrane (TM) region is crucial for membrane

protein insertion into the lipid bilayer [73, 74]. The helical angle between each TM pair was

determined in this study. In the pose2 docking simulation, the transmembrane helices (TM1a,

TM2, TM3, TM4, and TM5) seem more slanted than in the pose1 docking simulation, which

has a difference in the angle of over 10 degrees (Fig. 3B-G). This implies that the central TM
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groove of YidC is substantially enlarged during the insertion of Pf3 coat protein into the membrane

bilayer. The critical helices TM1a (Fig. 3E,F,&G) and TM2 (Fig. 3B,C,&D) undergo significant

modifications following peptide insertion because they are stretched onto the cytoplasmic side of

the membrane, which is the entrance point of Pf3 coat protein. Based on this, one may assume that

throughout the insertion process, YidC experiences a gradual and tranquil conformational shift,

organically adjusting to the incoming peptide. In this scenario, Yidc progressively expands its

transmembrane groove to make room for the incoming peptide and then returns to a normal state

once the peptide is fully incorporated into the membrane.
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Figure 3: Inter-helical angles between trans-membrane helices of YidC in both
docking model simulations. (A) Graphical representation of YidC protein on
periplasmic, cytoplasmic and transmembrane regions labeled with helical num-
bers in the transmembrane region. (B-D) Overall inter-helical angle between
transmembrane helix 2 and other helices of the protein in pose 1 (red) and pose
2 (blue) simulations. (E-G) Overall inter-helical angle between transmembrane
helix 1a and other helices of the protein in pose 1 and pose 2 simulations. Also,
the probability density distribution is shown for all graphs.

The interactions of the membrane and YidC with the Pf3 coat protein were studied to learn

more about the insertion process. The number of interactions of Pf3 coat protein with YidC and

the membrane within 3 Å were taken into account for the interaction analysis (Fig. 4A&B). The

contact of the Pf3 coat protein with the membrane determines its position in the bilayer system; the
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Pf3 coat protein positioned inside YidC’s hydrophilic groove has a slightly higher lipid interaction

distribution than the Pf3 coat protein positioned just outside the groove area (Fig. 4B). Because

the Pf3 coat protein is now ready to be incorporated into the membrane, Pf3 coat protein has

a high degree of contact with the membrane in pose2. Previous experiments have shown that the

hydrophobic interaction between the substrate and the lipid aliphatic chains can make it easier for a

substrate to get inside the membrane [75, 48, 76, 77]. Here, our analysis shows that the N-terminus

of the Pf3 coat protein interacts with lipids better in pose2 than in pose1 (Fig. S3A). As the Pf3

coat protein progresses through the insertion mechanism, it establishes hydrophobic interactions

with aliphatic chains, and these hydrophobic interactions could aid in the insertion of the protein.

The divergence of Pf3 coat protein lipid interactions supports the suggested mechanistic models
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Figure 4: Pf3 coat protein overall interaction with YidC and POPE lipid tails in
both the docking model simulations. (A & B) Respective number of YidC and
lipid interactions with the Pf3 coat protein in pose1 (red) and pose2 (blue), shown
as a function of time. (C & D) Number of contacts between Pf3 coat protein and
the C1 and C2 loops of YidC, shown as a function of time.

for the YidC independent insertion pathway in this study. In addition to lipid interactions, the

interactions between YidC and Pf3 coat protein are also important in this process. The distribution

of such interactions should confirm the outcomes of the lipid interactions. Because of the greater
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distribution of lipid contacts in the pose2 model, Pf3 coat protein decreases its interaction with the

YidC protein by shifting closer to the lipid bilayer (Fig. 4B). However, at the pose1 stage of the

insertion process, the association of YidC and Pf3 coat protein should be significantly strengthened

before establishing the peptide in YidC’s hydrophilic groove. This would explain the YidC higher

interactions with the Pf3 coat protein that were observed in the pose1 model (Fig. 4A).

Interaction of C1 and C2 Loops with Pf3 Coat Protein Stabilizes the Insertion Process.

Cytoplasmic loops C1 and C2 (Fig. 1A) are important components in YidC’s independent insertion

mechanism. Previous studies on YidC with or without the C2 loop found that its presence stabi-

lizes YidC in the membrane [72]. In both the pose1 and pose2 models, the YidC cytoplasmic loop

C1 interacts with the Pf3 coat protein. This interaction aids in the stability of the Pf3 coat protein

inside YidC’s hydrophilic groove. Furthermore, these loops establish a strong interaction to retain

the incoming proteins inside YidC’s U-shaped groove (Fig. 4C&D). At the beginning of the in-

sertion mechanism, the cytoplasmic C1 loop, which is deeply expanded into the cytoplasmic side,

creates extremely strong contacts with the Pf3 coat protein (Fig. 4C). These interactions between

the C1 loop and the peptide are critical for keeping the peptide under control during the insertion

process. According to our contact analysis results, the C2 loop contacts (Fig. 4D) are formed only

in the pose1 model, since it is the starting point of the insertion process, and a high number of

protein interactions are necessary to stabilize such a long peptide. As the process progresses, the

C2 loop loses its interactions (Fig. 4D) with the incoming peptide once the peptide is settled inside

the U-shaped groove of YidC, as seen in pose2. Thus far, we have shown that YidC undergoes

significant global and local conformational changes, such as TM domain expansion, and its inter-

actions with Pf3 coat protein, specifically through contacts in the cytoplasmic loop region. All

the findings presented above confirm the major hypothesis of the study on YidC conformational

changes throughout the independent insertion process.

Principal component analysis (PCA) was used to identify the key differences between the pose1

and pose2 models. Pose1 and pose2 systems were clearly differentiated by projections onto prin-
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cipal components (PCs) 1 and 2. Only YidC Cα atoms are considered in this study. PC1 and PC2

contributed 49.9 and 18.8 percent of the total variance, respectively (Fig. 5A). As expected, the

structural analysis of pose1 and pose2 models contradicts each other in PC1 and PC2, which is

logical given the significant conformational differences (Fig. 5A) observed previously. The Pf3

coat protein, on the other hand, has clustered similarly along PC1 (Fig. 5B). However, the fluctu-

ation of Pf3 coat protein is different around PC2 (Fig. 5B), which may be the result of a shift in

Pf3 coat protein interactions and conformational changes (PC1 and PC2 contributed 45.9 and 25.4

percent of the total variance). To demonstrate this visually, square displacements of PC residues

were projected onto the structure, as seen in Fig. 5C-D. Overall, the major finding of the PC analy-
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sis was that the behavior of the pose1 and pose2 proteins differed considerably. This confirms our

previous notion that YidC conformational dynamics play an important role in the insertion process.

The PCA results are consistent with the early evidence for global and local structural changes.

YidC’s Hydrophilic Groove Hydration and Dehydration are Critical in the Insertion Mecha-

nism.
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Figure 6: (A) Graphical representation of the docking models showing the average
water molecule count in the hydrophilic groove (HG) region of YidC. (B) Number
of water molecules inside the hydrophilic groove (HG) region of YidC in docking
poses 1 (red) & pose 2 (blue).Pf3 coat protein entry into the TM area is aided by
the water in the groove, which creates a water slide which aids in further insertion
of Pf3 coat protein into the groove.

YidC has a U-shaped hydrophilic groove that is closed on the periplasmic side but exposed to

the cytoplasmic side of the membrane bilayer. To examine the water content of the groove within

helices TM1-TM5 (Fig. 6A), the number of water molecules inside the groove region of the YidC
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protein was measured and plotted over the simulation time. The water analysis results reveal that

the number of water molecules within the groove region is higher in pose1, which is considered

the starting state of the insertion process. Whereas in the docking model pose2, the water content

is close to zero throughout the simulation (Fig. 6B). This confirms the previous hypothesis that

a water slide motion is important in the initial positioning of the Pf3 coat protein [43, 44]. The

peptide enters the YidC groove via the cytoplasmic side of the membrane bilayer; the central TM

helices are then widened to form a water slide [9, 78, 79] and the YidC groove region is filled with

water to provide a smooth sliding motion for the entering protein. As Pf3 coat protein progresses

through the insertion processes, the cytoplasmic groove of YidC becomes more compact and water

molecules are pushed out of the TM groove. These two factors combine to cause a hydrophobic

shift in the region, making it more susceptible to membrane insertion. Previous experimental

studies have reported that the hydrophilic cavity of YidC reduces the energy barrier associated

with the insertion of the substrate by shortening the hydrophobic core of the membrane [40, 80].

Based on our results, we hypothesize that the Pf3 coat protein is initially stabilized in the groove

by hydrophilic interactions [40, 80], and dehydration of the groove, later in the process, will aid in

breaking interactions with YidC (Fig. 4A) to facilitate the translocation of Pf3 coat protein from

the groove into the membrane.

The Saltbridge Interaction of Pf3 Coat Protein with YidC R72 in the Hydrophilic Groove is

a Significant Event in the Insertion Process.

The YidC residue Arginine 72 (R72) is in the core cavity of the YidC transmembrane region and

forms a salt-bridge with incoming protein chains. It has been suggested that before translocation,

a YidC protein’s hydrophilic groove is forced into the hydrophobic cavity, implying that peptides

may reach R72 for bond formation [81]. According to salt bridge analysis results, R72 is avail-

able for interactions with the incoming Pf3 coat protein. During the insertion process, the R72

residue of YidC forms a stable salt-bridge with D7 and D18 of Pf3 coat protein in the pose1 and

pose2 simulations, respectively (Fig. 7). These two residues were experimentally shown to have an
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important function in the translocation of Pf3 coat protein into the membrane in an experimental

research [79]. During the first phase of YidC insertion, the salt-bridge interaction between YidC’s

R72 and Pf3’s D7 stabilizes the Pf3 coat proteins in the TM helical groove as soon as it enters the

TM groove. As the Pf3 coat proteins move towards the periplasmic side of the protein, salt-bridge

residue interactions with the Pf3 coat proteins are sequentially moved from D7 to D18 (Fig. 8A).

Non-Equilibrium Simulation of YidC’s Sec-independent Mechanism of Pf3 Coat Proteins

Insertion in the Membrane Bilayer.

The insertion process was further investigated using the above-mentioned non-equilibrium (NE)

simulation (Fig. 8A) approach. Many of the key factors discussed above, such as Pf3 coat protein

bending angle (Fig. 8B), radius of gyration (Fig. 8C), Pf3 coat protein lipid interactions (Fig. 8D),

the presence of water in the groove (Fig. 9C), and Pf3 coat protein contacts with YidC (Fig. 9D),

are evaluated for the NE simulation trajectory. Our NE simulation results are totally in agreement

with results produced in equilibrium simulations. The bending of Pf3 coat protein is observed

in the NE simulations, where Pf3 coat protein has gone from a lower to a greater bending angle

(Fig. 8B) to adapt to the groove environment. The radius of gyration analysis also confirms our hy-
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pothesis about Pf3 coat protein conformational changes during the insertion process (Fig. 8C). The

increase and decrease in the amount of water inside the groove significantly supports the hydra-

tion and dehydration hypothesis (Fig. 9C). Robust interactions of Pf3 coat protein with lipid tails

(Fig. 8D) play a significant role in the insertion process. As previously stated, YidC loses connec-

tions with the Pf3 coat protein as the insertion process progresses, as seen in the NE simulations,

where the number of YidC-Pf3 contacts decreases during the targeted MD simulation (Fig. 9D).

During the insertion of Pf3 coat protein inside the membrane, YidC undergoes significant confor-

mational changes, which we observed previously in our analysis. As expected, Yidc underwent

substantial conformational changes from the beginning to the completion of the insertion process

as indicated by the overall RMSD (Fig. 9A) and radius of gyration (Fig. 9B) analyses. Overall,

based on equilibrium and NE simulations, the following mechanism for YidC’s Sec-independent

insertion mechanism is proposed in this study: the incoming Pf3 coat protein first interacts with the

cytoplasmic loops and gradually moves into the hydrophilic groove located in the transmembrane
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region, forming a salt bridge with R72. The Pf3 coat protein’s negatively charged D7 residue forms

a salt bridge with the positively charged R72, which is critical to the insertion mechanism. The

hydrophilic interactions within the groove (Fig. 4A) and salt-bridge interactions between the nega-

tively charged D18 residue of Pf3 coat protein and positively charged R72 of YidC would drive the

Pf3 coat protein to break the initial salt-bridge and move further into the groove. The N-terminal

then moves into the deep groove and dehydration of the groove takes place. The Pf3 coat protein

then migrates towards the periplasmic side of the membrane, assisted by the hydrophobic force,

i.e., the hydrophobic interactions of the hydrophobic regions of the Pf3 coat protein with lipid tails

out of the YidC hydrophilic groove.

It is important to note that in this study, we did not attempt to investigate the entire insertion
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process from the initial stages of the binding to the full dissociation of the Pf3 coat protein. In-

stead, we only focused to look at a crucial stage of the process where the bound substrate moves

up within the YidC-membrane environment. We particularly looked at the protein conformational

dynamics within this part of the process. To simplify, particularly since we did not intend to in-

vestigate initial stages of binding that is likely to involve lipid headgroups, we employed a homo-

geneous POPE membrane instead of the anionic (phosphatidyl-glycerol (POPG) and cardiolipin

(CL)) lipid-rich bacterial inner membrane. YidC’s behavior in a pure POPE membrane and a het-

erogeneous POPE/POPG/CL membrane was compared in a recent MD study in its apo state [72].

The YidC conformation and protein/lipid interactions have been shown to be unaffected by the

presence or absence of the anionic lipids POPG and CL in MD simulations [72]. However, it is

highly likely for the anionic lipids to play a crucial role in the initial stages of binding and insertion

process [75, 48, 76, 77, 9, 79]. Further in-depth computational and experimental studies are needed

to have a better grasp on lipid specificity in the insertion process. More specifically, the proton mo-

tive force of the membrane, which is not the focus of our current study, may aid protein insertion in

a lipid-specific manner. The proton motive force facilitates the YidC mediated membrane insertion

by electrostatically attracting the negatively charged extracellular residues of the single-spanning

membrane protein from the YidC groove, in addition to the hydrophobic interaction of the lipid

tails with Pf3 coat protein [73, 48, 82, 77, 9, 79]. The functional group attached to the phosphate

moiety determines the charge of the phospholipid. Compared to zwitterionic POPE, anionic POPG

and CL have a greater likelihood of protons binding to their negatively charged headgroups [83]. It

is likely that Pf3 coat protein in a lipid bilayer containing POPG and CL will experience stronger

electrostatic attractions with enhanced proton binding compared to a pure POPE bilayer. However,

the current study does not focus on the lipid-specific behavior of YidC-mediated membrane inser-

tion, nor does it focus on the direction of the insertion, which is influenced by the proton motive

force. Here we have only focused on a specific part of the insertion process, which is less depen-

dent on proton motive force and lipid specificity and more dependent on YidC-Pf3 interactions

coupled with conformational dynamics of YidC.
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Conclusions

Based on our equilibrium and non-equilibrium MD simulation results, YidC must undergo major

conformational changes during the SecY-independent insertion process. The incoming Pf3 coat

protein would first come into contact with the cytoplasmic loops and then penetrate into the hy-

drophilic groove, forming a salt bridge with R72. The YidC loops on the cytoplasmic side of the

bilayer are critical for moving Pf3 coat protein into YidC’s hydrophilic groove. At first, these cy-

toplasmic loops make contact with the Pf3 coat protein. The negatively charged D7 residue of Pf3

coat protein interacts with the positively charged R72 of YidC to form a stable salt bridge. The

formation of this salt bridge is crucial in the insertion process to stabilize the Pf3 coat protein in

the YidC’s TM groove. The hydrophilic interactions within the groove also aid in the passage of

the protein towards the periplasmic side, which is also supported by the salt bridge between D18

of Pf3 coat protein and R72 of YidC; this combination stabilizes the position of Pf3 coat protein

inside the groove. Finally, when the Pf3 coat protein is completely inside the YidC’s hydrophilic

groove, it will come into contact with lipid tails. The Pf3 coat protein then travels towards the

periplasmic side of the membrane, helped by the proton motive force and hydrophobic interaction

with the membrane. The protein then moves into the membrane through the groove.

Despite the field’s stunning advancements in recent years and the widespread use of docking

techniques, there are still a few drawbacks. The fact that model quality and docking accuracy

have a substantial impact on simulation results is one of these limitations. Additional studies using

more docking models, including a range of substrate proteins in various conformational states, are

required to fully understand the process. Results from this study would help in creating a plan

both for experimental and computational scientists to study YidC SecY-independent mechanism

for deeper understanding.
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Abstract

YidC is a protein found in membranes that plays an important role in the process of inserting

newly generated proteins into lipid membranes. The SecYEG-dependent complex is responsible

for inserting proteins into the lipid bilayer, and this process is facilitated by YidC. In addition,

YidC acts as a chaperone during the folding processes of proteins. Multiple investigations have

conclusively shown that the gram-positive bacterium YidC has SecY-independent insertion mech-

anisms. Through the use of microsecond level all-atom molecular dynamics simulations, we have

carried out the first in-depth investigation of the YidC protein originating from gram-negative bac-

teria. This research sheds light on the significance of several structural areas related to YidC at

an atomic level by utilizing equilibrium molecular dynamics (MD) simulations. In this research,

multiple models of YidC inside the lipid bilayer were constructed in order to achieve a deeper

understanding of the critical role of the C2 loop and the extra periplasmic domain present in gram-

negative YidC. According to the results of our research, the C2 loop is responsible for the overall

stabilization of the protein, most notably in the transmembrane region, and it also has an allosteric

influence on the periplasmic domain. We have found critical interactions that contribute to the

stability of the protein as well as its functional aspect. Finally, our study provides a hypothetical

SecY-independent insertion mechanism for gram-negative bacterial YidC.

Introduction

Membrane proteins participate in fundamentally crucial biological processes such as signaling,

transcriptional regulation, ion and macro-molecule transport, proteolysis, motility, metabolism,

energy creation, and energy transfer. Specialized cellular machinery enables proper membrane
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protein folding and insertion into the lipid bilayer. A group of membrane proteins may be inserted

through the Sec apparatus in bacteria. YidC is one of the proteins working with Sec in order to

introduce client proteins into the membrane [1, 2, 3, 4, 5, 6, 7].

YidC is a member of the Oxa/Alb3/YidC family of insertases found in mitochondria, chloro-

plasts, and bacteria [8, 9, 10, 11, 12, 13, 14]. YidC catalyzes the transmembrane insertion of

freshly produced membrane proteins in the absence of an energy supply domain, such as an AT-

Pase [15]. It also plays a vital role in insertion in the insertion and positioning of membrane

proteins in bacteria [16, 17, 18]. Insertase proteins, such as YidC, have been exhaustively inves-

tigated to determine their importance for the insertion of proteins into membranes [19]. They are

versatile proteins that, in conjunction with the SecYEG pathway [1, 2, 3, 4, 5, 6, 7], act to insert

peptides into the membrane through the Signal Recognition Particle (SRP) mechanism. YidC may

fold and insert polypeptides independently of the SecY pathway [20, 21, 22, 23, 2, 24, 25, 26, 27].

YidC is a crucial protein for the insertion of small phage coat proteins like Pf3 coat and M13 in a

SecY-independent pathway [20, 28, 29, 30, 31, 32, 33].

A few experimental studies have explored the role of YidC in various microbial organisms.

The genome of most gram-positive microscopic organisms encode two YidC proteins: YidC1 and

YidC2 [34, 35]. Although YidC typically exists as a dimer or tetramer [36] under physiologi-

cal conditions, it is discovered that YidC can also exist as a monomer in lipid bilayers [15, 37].

The gram-negative YidC protein possesses an additional transmembrane (TM) segment at the N-

terminus and a large periplasmic domain (PD) [38, 39]. Although the PD region and the additional

N-terminus TM segment are not required for YidC activity, PD region inteacts with SecY ma-

chinery and helps creating stable complex. [38]. The area with the C-terminal five TM segments

are vital for the membrane insertase activity of gram-negative YidC [40]. In both gram-negative

and gram-positive strains of bacteria, the protein is firmly anchored in the lipid bilayer by inter-

facial aromatic residues, a cytoplasmic salt-bridge group, and a periplasmic helix enhanced with

aromatic residues. The highly conserved arginine residue (R366) in the hydrophilic groove was

found in the same locations as in gram-positive (R72), implying that the arginine residue is as

37



important for gram-negative function as it is for gram-positive function [38]. A group of aro-

matic residues around R72/R366 may bind with incoming peptide during insertion into the lipid

bilayer [41, 42, 40, 34, 35, 43, 19]. The C–terminus of monomeric YidC cooperates with the

ribosomes, and the short interhelical loops come into contact with the ribosomal proteins [44].
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Figure 1: The cartoon representation of YidC (PDB:6AL2) (A) includes periplas-
mic domain (PD), transmembrane (TM) domain, C1, and C2 loops on the cy-
toplasmic side. (B) The cartoon representation of YidC’s individual TM helices
TM1 (blue), TM2 (Red), TM3 (purple), TM4 (orange), and TM5 (black).

Both in gram-negative and gram-positive bacteria, YidC is believed to promote membrane

insertion simply by binding nascent chains and promoting their insertion into the lipid bilayer

using cytoplasmic loop interactions, hydrophobic force, and interactions in the groove [15, 45, 46,

19]. The hydrophilic groove inside the membrane core of YidC increases the rate of accepting

the hydrophilic moieties of a substrate into the membrane [47, 48]. During the process of its

independent insertion mechanism, YidC also goes through a number of conformational changes,

including widening of the TM region and hydration and dehydration of the hydrophilic groove.

Additionally, a broad range of interactions with the incoming protein are engaged at each step of

the insertion process, for example the salt bridge interaction with R72 aromatic residue [19].

In the past, gram-positive bacterial YidC insertase has been widely researched [15, 45, 46, 19].

The significance of the extra PD region in gram-negative YidC is not fully understood, yet. We

don’t know if the PD area of YidC affects protein stability and function, nor do we know if the cy-
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toplasmic loops serve the same purpose in gram-positive and gram-negative bacterial YidC. Here,

gram-negative YidC’s structure was investigated using microsecond level molecular dynamics sim-

ulations. We examined the regional and global conformational changes in YidC brought on by the

loss of the periplasmic domain and the cytoplasmic loop.

Methods

From the Protein Data Bank, the crystal structure of the gram-negative bacterial YidC (PDB:6al2 [49])

was downloaded. The CHARMM36m [50] force field [51], together with the NAMD 2.14 [52]

software package were used for all molecular dynamics simulations. The protein was solvated in

TIP3P [53] water. Using the membrane builder on CHARMM-GUI [54], YidC was introduced

into the lipid bilayer, solvated, and ionized. In these MD investigations, YidC was placed in a

lipid bilayer of 1-palmitoyl-2-oleoyl-sn-glycero-3-phosphoethanolamine (POPC) lipids. A 90 Å

× 90 Å membrane layer surface was constructed along the XY plane. The protein-lipid assem-

bly was solvated in TIP3 [53] water with 18 Å thick layers of water on top and bottom. To

neutralize the system, 0.15 M of Na+ and Cl− ions were added to the solution with a slight mod-

ification in the number of ions to neutralize the system. There were about ≈143000 atoms in

the final solvated system. Utilizing the conjugate gradient technique [55], each system was en-

ergy minimized before the equilibrium simulation. The systems were then gradually relaxed using

constrained MD simulations in accordance with the standard CHARMM-GUI [54] procedure. In

the NPT ensemble at 310 K, 1 µs of equilibrium MD simulations were performed under periodic

boundary conditions for each system. In the simulations, a Langevin integrator with a damping

coefficient of γ =0.5 ps−1 and 1 atm pressure was maintained using the Nose-Hoover Langevin

piston method [56, 57, 58, 59, 60, 61, 62, 63, 64, 65, 18, 66].

We are interested in the significance of the cytoplasmic C2 loop and extracellular periplasmic

domain (PD). It has been shown in the past that the C2 loop is crucial to YidC’s overall confor-

mation and function in gram-positive bacteria [67, 19]. We are interested in learning more about

the functions of the PD (Fig. 1A), which is absent in gram-positive bacterial YidC and present
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in gram-negative bacterial YidC. Accordingly, we created four systems: YidC with PD and C2

loop (YidC), YidC without C2 loop (YidC ∆C2), YidC without PD region (YidC ∆PD ), and YidC

without PD region and C2 loop (YidC ∆PD ∆C2).

The preliminary simulations were run on TACC Stampede supercomputer. Subsequently, the

production run for each model was increased to 400 ns with a timestep of 2.5 fs on Anton2 [58].

Every 240 picoseconds, conformations were gathered on Anton2. Initial processing of the Anton2

simulation trajectories was carried out on Kollman [58]. Later, the simulations were extended to 1

microsecond on TACC Stampede and one additional set of 1 µs simulation was performed for all

systems.

All trajectories were visualized and examined using the VMD software [68]. A VMD plugin

was used to analyze salt bridge interactions by measuring the distance between the oxygen atoms

of acidic residues and the nitrogen atoms of basic residues with a cut-off distance of 4 Å. The

interhelical angles were determined as the angle between the third main axes of the respective

helices [66, 69, 60, 19]. The selection of the TM helices and other sub-domains are as indicated:

TM1 (355-388); TM2 (423-442); TM3 (466-479); TM4 (497-508); TM5 (511-528); C1 area (380-

420); C2 loop (480-492); and PD (49-326) (Fig. 1). To analyze the water inside the groove region,

we counted the number of water molecules within 5 Å of R366. Principle component analysis

(PCA) was performed for each trajectory using PRODY [70, 60, 19], taking only protein Cα atoms

into account.

More quantitative data on the coordinated movements of the Cα atoms was obtained using Dy-

namic Network Analysis (DNA) of the associated motions of the protein [71, 58]. The correlation

coefficient for the motion of each Cα atom with respect to the other Cα atoms was determined

using MD-TASK [72], a software package of MD analysis tools. For each of the TM regions in all

the simulated trajectories, a correlation matrix M was created.

To quantify the differences in correlation between a system and some reference, a difference
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matrix ∆ was calculated,

∆ = |Mi −MRe f .| (1)

where Mi is the correlation matrix of interest, and MRe f is the correlation matrix of a reference

conformation. In this work, the difference between a TM region in complete YidC structure con-

formation and other YidC structures was our point of interest. For this reason, the TM region in the

wild type YidC simulations were compared with TM region in the other YidC simulation system

described above.

Results and Discussion

The Overall Protein Conformation is Stabilized by the Presence of the C2 loop and the PD

Domain.

The root mean square deviation (RMSD) of the protein was first calculated in order to assess the

stability during equilibrium simulations. The RMSD of the YidC TM region was computed, and

the results are shown as a function of the simulation run-time (Fig. 2). According to the Cα RMSD

of the four different systems, the presence of the PD and C2 loop helps to stabilize the protein

when it is in its native state (Fig. 2A). The system without the C2 loop is, beyond a shadow of a

doubt, less stable than the system with the loop (Fig. 2B & D). The combined effect of removing

the PD and the C2 loop has a higher impact on RMSD (Fig. 2D), which suggests that the PD could

be responsible for preserving the stability of the protein. However, the effect of just removing the

C2 loop (Fig. 2B) on protein RMSD is slightly higher than the native system (Fig. S1), but not as

high as the system without PD and the C2 loop (Fig. 2D). We believe in between the C2 loop and

the PD region, the C2 loop is more important for the stability of the protein compared to the PD

region, as you can see in system YidC ∆PD (Fig. 2C) the RMSD of the TM region is very similar

to the wild type YidC structure (Fig. 2A). Therefore, we have arrived at the conclusion that the

impact of eliminating the C2 loop on gram-negative bacterial YidC is far more substantial than the
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effect of removing just PD regions (Fig. S1).

The principal component analysis (PCA) was used in order to determine the most important

distinctions between the systems could be determined. The projections onto principle components

(PCs) 1 and 2 allowed for a straightforward differentiation between the YidC wild type and the

other systems (Fig. 3). In this particular analysis, only the YidC Cα atoms that are located in

the TM area are taken into account. PC1 contributed 27.5% of the total variance, while PC2

contributed 19.1% of the total variance. It was anticipated that the structural analysis of YidC ∆C2

and YidC ∆C2 ∆PD models would contradict that of YidC and YidC ∆PD in PC1 and PC2 (Fig. 3).

This contradiction is rational, considering the large conformational discrepancies that were found

earlier in the RMSD analysis (Fig. S1). In general, the most important thing that came out of the

principal components analysis was the realization that the behavior of the YidC ∆C2 ∆PD (Fig. 3

D & H) protein system was quite different from the other systems (Fig. 3). The results of this study

lend credence to the theory that the C2 loop play a significant part in the conformational dynamics

of YidC.

Previous studies have revealed that the YidC transmembrane (TM) region is crucial for mem-

brane protein insertion mechanism [73, 74, 19]. In order to examine the impact of deleting the PD

and C2 loop on the TM helices, the helical angle between each pair of TMs was measured in this

work (Fig. 4). When compared to the wild type, we found that the local shape of the TM helices

was altered in all of the other systems. Similar to the analysis above, the local conformation was

more affected by the removal of both the PD and the C2 loop (Fig. 4D & H). However, when just

the PD is removed, we do see some changes in the helical angle (Fig. 4C & G), despite the fact that

the impact is not as large as what is seen in systems that do not have a C2 loop (Fig. 4B, F, D, &

H). This demonstrates the critical role that the C2 loop plays in maintaining the structural stability

of transmembrane region of YidC. We do observe a similar trend in other transmembrane helices

combinations (Fig. S2).

Furthermore, we used dynamic network analysis (DNA), which finds the linear connection be-

tween various residue pairs, in order to conduct a comprehensive study on the allosteric interactions
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of the C2 loop and the PD region with the various protein domains. The correlation coefficient of

each residue pair is shown in Figure 5. This coefficient was calculated from the trajectory with the

C2 loop and PD region, then subtracted from the same quantity that was calculated from the tra-

jectory without the loop and PD region systems, and the result was reported as its absolute value.

The amount that is presented for each pair of residues measures the size of the difference in the

correlation behavior of the two residues that is brought on by the presence of the C2 loop and the

PD domain in the TM region. The presence or absence of the C2 loop has been demonstrated to

create significant variations in the correlations between YidC’s distinct domains. The inter-domain

correlations, notably between the TM/C1 loop region, vary greatly between the YidC and other

systems (Fig. S3). This difference in the cross-correlation is more pronounced, especially between

TM1 and TM4 (Fig. 5). Based on this, we believe that the C2 loop does play a crucial role in

the YidC conformational dynamics and that the conformational dynamics of the TM region are af-

fected in its absence. The DNA findings (Fig. S3) are consistent with the early evidence for global

and regional structural alterations. Overall, the results show that the C2 loop affects the behavior

of the functionally essential areas of gram-negative YidC.

C2 loop and the Periplasmic Domain Allosterically Influence YidC’s Other Functionally Im-

portant Regions

YidC’s U-shaped hydrophilic groove, which is exposed on the cytoplasmic side of the membrane

bilayer, is essential for the insertion process [47, 48]. The membrane proteins enter the YidC

groove through the cytoplasmic side of the membrane bilayer during the insertion process. The

YidC groove area is filled with water to provide a smooth sliding motion for the entering protein.

As a membrane protein advances through the insertion processes, the groove water molecules are

expelled from the TM groove. These two variables produce a change in the region’s hydrophobic-

ity, making it more vulnerable to membrane insertion [41, 75, 19].

To analyze the water content of the groove inside the TM region, the amount of water molecules

within the groove region of the YidC protein was determined and plotted against simulation time.
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The lack of the C2 loop had a significant impact on the amount of water that was present inside the

groove area (Fig. 6B & D). Because hydrophilic contacts initially serve to keep membrane proteins

in place inside the groove whilst the insertion process is being carried out [19]. This provides us

with strong evidence that the C2 loop not only contributes to the conformational dynamics of

the protein but also plays a significant role in the function of the protein. The water quantity is

significantly reduced in system YidC ∆C2 ∆PD loop compared to system YidC. Our findings lead

us to infer that the removal of just PD does have a marginal impact on the conformational dynamics

of YidC. However, when this modification is coupled with the removal of the C2 loop, the effect is

significantly amplified, which could ultimately effect the insertion process.

We also found an intradomain hydrogen bond in the TM region between Y516 and G429 that

is only stable in the wild type system compared to other systems (Fig. 7). Especially in the YidC

∆C2 ∆PD system, this bond is completely broken. We think that this hydrogen bond is unstable in

the system YidC ∆C2 ∆PD because fluctuation of the TM region caused due to absence of C2 loop

(Fig 7B & D). These results clearly show that there is a link between the functionally important

C2 loop and the PD region on the TM side of YidC. We also think this hydrogen bond (Fig 7)

could be important to the insertion process. As the incoming membrane protein moves along the

groove and toward the periplasmic side, it breaks this link (Fig 7), which causes widening of the

TM region and leads the water to leave the hydrophilic groove, resulting in a hydrophobic shift and

increasing the likelihood of membrane insertion. To this point, we have shown that the C2 loop

and PD directly alter the structural behavior of YidC, while the PD region also slightly affects the

conformational dynamics of the protein. However, the absence of both the PD and the C2 loop has

an allosteric influence on the behavior of the YidC conformational dynamics, although the effect

of the C2 loop absence is substantially larger than the PD absence. This leads us to the conclusion

that the C2 loop is much more important to the structure and function of YidC than the PD region,

which is in support of previous research [38, 39]. On the other hand, the removal of just PD did

affect the conformational dynamics of the TM region. To determine what caused this effect, we

analyzed interactions between the PD and the TM region that play a significant role in the stability
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of the protein.

Inter-domain Amino Acids Interactions Play a Key Role in the Stabilization of the Trans-

membrane Domain

Table 1: Occupancy (%) of Inter-domain H-Bonds between PD and TM region

Y259-M441 (%) A214-Y437 (%) T327-E312 (%)
System set1 set2 set1 set2 set1 set2
YidC 40 40 66 42 81 43

YidC ∆C2 0 0 0 0 0 0
YidC ∆PD NA NA NA NA NA NA

YidC ∆C2 ∆PD NA NA NA NA NA NA

Previous experimental findings lead researchers to the hypothesis that the interactions between

the PD region of YidC and the TM region of YidC are crucial for maintaining the protein’s stable

state in the membrane [38]. Through this research, we were able to identify critical hydrogen

bonds and salt-bridle interactions that take place between the PD region and the TM region. It

is interesting to note that the hydrogen bonds that had been formed between the PD region and

the TM region were only observed in wild type YidC system and entirely disrupted in the YidC

∆C2 system. However, there is no direct interaction between the PD area and the C2 loop region

which does have an effect on stability of TM region. We also identified two salt bridge interaction

between PD and TM which are contributing to stability of TM region. The salt bridge between

D315 and K345 is stably formed in both systems of YidC even without C2 loop this salt bridge is

unaffected (Fig. 8A & B). However the salt bridge between K232 and D329 (Fig. 9) is disrupted

in YidC ∆C2 (Fig. 9B).

We believe that the removal of the C2 loop has caused an effect on the hydrogen bond (Fig. 7)

in the TM core region, causing instability of the TM region and ultimately causing disruption of

hydrogen bonds and salt bridge interactions between the PD and the TM region. Based on the

analysis presented above, we postulate that the the hydrogen bond (Fig. 7) in the protein’s groove

region is essential for preserving the structural stability of the protein. The C2 loop is crucial for

this hydrogen bond to remain stable in the structure. Although the YidC PD region does have some

45



influence on the protein’s structure, its contribution to the protein’s overall function is noticeably

less substantial than that of the C2 loop. Even without the PD region, it is still possible to have

a normal Sec-independent insertase mechanism; however, the absence of the C2 loop may have a

detrimental influence on the protein function.

Proposed Independent Insertion Mechanism of Gram-negative Bacterial YidC

According to the findings and earlier hypotheses, gram-negative bacterial YidC must likewise

go through significant conformational changes during the SecY-independent insertion procedure,

much like gram-positive bacterial YidC. During the SecY-independent insertion process, the enter-

ing membrane protein would first make contact with the cytoplasmic loops and then squeak into

the hydrophilic groove, where it would join forces with R366 to create a salt bridge. Incoming

protein must be moved into YidC’s hydrophilic groove by the YidC loops on the cytoplasmic side

of the bilayer. The salt bridge between the incoming protein and R366 of YidC also contributes to

the passage of the protein towards the periplasmic side, stabilizing its position within the groove.

As the incoming protein moves through the groove and approaches the periplasmic side, it breaks

the hydrogen bond between Y516 and G429, causing widening of the TM region that results in a

hydrophobic shift through dehydration of the groove. The protein will finally make contact with

lipid tails. After that, with the aid of the proton motive force and the membrane’s hydrophobic

interaction, the protein moves in the direction of the membrane. Then, via the groove, the protein

enters the membrane.

Conclusion

We have come to the conclusion that the C2 cytoplasmic loop of YidC could be an important part

of the protein. This could be achieved, for example, by the C2 cytoplasmic loop of YidC helping

to stabilize the protein structure via its indirect effects on interactions in the transmembrane core

region, as well as its indirect effects on other periplasmic domains, in particular on interactions

between the PD and the TM region. It also indicates that the existence of the C2 loop has an
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influence on the functional features of YidC, such as the hydration of the groove. In order to

further understand the C2 loop’s role in the sec-independent insertion process of small single-

spanning membrane proteins like the pf3 coat protein, whose interactions with the cytoplasmic

region are thought to be essential, more study is required. In the context of molecular dynamics

simulations, the results of our research show that C2 loops may be required for the structural

stability and SecY-independent function of the gram-negative YidC membrane protein dynamics.
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Figure 2: Analysis of YidC’s structural stability in presence and absence of PD
and C2 loop. (A–D) The root mean square deviation of the YidC in different
systems. Based on RMSD data, we have observed that YidC fluctuates more in
the system with the C2 loop removed compare to systems with C2 loop. The
simulations for each system were run twice, and the dashed lines in the graphs
reflect the second run of those simulations.
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Figure 3: Projections of the principal components (PC’s) 1 and 2. (A–H) PCA
findings of PC1 vs PC2 for YidC systems from set 1 simulations are shown in the
top row, while the results of set 2 simulations are displayed in the bottom row. The
gradation of colors in the image denotes a timeline, with lighter shades reflecting
earlier points in the simulation and darker hues denoting later points. Only the
PCA analysis of the TM area that is present in all systems is shown here for the
sake of consistency. For easier comparison, the green line in the plot is to show
the difference in projections of PC’s.
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Figure 4: Inter-helical angles between transmembrane helices of YidC. (A–D) The
inter-helical angle between the transmembrane helix 1 and helix 3 of the protein.
(E–H) The overall inter-helical angle between helix 2 region and helix 4 of the
protein.
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A B

Figure 5: The DNA analysis revealed differences in correlation between the YidC
set 1 control system and YidC ∆C2 ∆PD system examined. The theoretical max-
imum for correlation difference is 2, but the observed maximum was less than
1. (A–B) Differences in correlation are shown as a red gradient, with darker red
indicating a larger difference.

E

Figure 6: Analyses of the water inside the YidC groove. (A–D) The number of
water molecules that are located within 5 Å of the R366 residue inside the hy-
drophilic groove (HG) region of YidC in each and every system. (E) The graphi-
cal illustration of the residue R366, which may be found in the central part of the
hydrophilic groove (HG) of YidC
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Figure 7: Interaction analysis of a hydrogen bond between Y516 and G429
(YidC), which is situated inside the groove area. (A–D) Analysis of the distance
between the hydrogen bonds formed by Y516 and G429. (E) The graphical rep-
resentation of the residues that participate in the interaction involving hydrogen
bonds
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Figure 8: Salt–bridge interaction between D315 and K345 (YidC), which is lo-
cated between the PD and TM regions. Graphical illustration of the important
salt-bridge interactions that take place between the PD region and the TM area
(right). (A–B) Distance analysis between D315–K345 salt-bridge and we also re-
ported the occupancy of salt bridge interaction.
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Figure 9: Salt–bridge formed between D329 and K232 (YidC), which is located
between the PD and TM regions. The cartoon representation of the salt-bridge
interactions that take place between the PD region and the TM area (right). (A–
B) Distance analysis between D329–K232 salt-bridge and we also reported the
occupancy of salt-bridge interaction.
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Abstract

The controlled formation of nanoparticles with optimum characteristics and functional aspects has

proven successful via peptide-mediated nanoparticle synthesis. However, the effects of peptide

sequence and binding motif on surface features and physicochemical properties of nanoparticles

are not well-understood. In this study, we investigate in a comparative manner how a specific pep-

tide known as the Pd4 and its two known variants may form nanoparticles both in an isolated state

and when attached to the green fluorescent protein (GFPuv). More importantly, we introduce a

novel computational approach to predict the trend of the size and activity of the peptide-directed

nanoparticles by estimating the binding affinity of the peptide to a single ion. We used molecu-

lar dynamics (MD) simulations to explore the differential behavior of the isolated and GFP-fused

peptides and their mutants. Our computed palladium (Pd) binding free energies match the typical

nanoparticle sizes reported from transmission electron microscope pictures. Stille coupling and

Suzuki-Miyaura reaction turnover frequencies (TOF) also correspond with computationally pre-

dicted Pd binding affinities. The results show that while using Pd4 and its two known variants

(A6 and A11) in isolation produces nanoparticles of varying sizes, fusing these peptides to the

GFPuv protein produces nanoparticles of similar sizes and activity. In other words, the GFPuv
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reduces the sensitivity of the nanoparticles to the peptide sequence. This study provides a com-

putational framework for designing free and protein-attached peptides that helps the synthesis of

nanoparticles with well-regulated properties.

Introduction

Recent advances in nanotechnology have resulted in the development of various efficient synthesis

and characterization procedures for nanoparticles. Within the last two decades, in particular, many

peptides have been introduced to identify inorganic metal surfaces [1, 2, 3, 4, 5, 6, 7, 8, 9, 10, 11,

12, 13, 14], some of which have been utilized to produce nanomaterials [15, 13, 14]. Production

of nanoparticles with varying size, shape, or aggregation stability using peptide immobilization is

useful in sub-fields of biotechnology [16], sensors [17, 18, 19], and bioanalytical procedures [20,

21, 22]. Small variations in the composition and sequence of the peptide conjugate may have

a significant effect on the configuration of the resulting nanoparticle assembly. It has become

apparent that by carefully tailoring the peptide sequence, one can regulate the composition of the

nanoparticles [23].

Self-assembly motif peptides guide nanoparticle assembly into specific architectures [23, 24].

Peptides may produce well-defined nanostructures such as nanotubes, nanofibers, nanoparticles,

nanotapes, gels, and nanorods by self-assembly [25]. Changes to the amino acid sequence of a

peptide used in the synthesis of a nanoparticle can alter the nanoparticle properties. Studies have

found evidence that oligopeptides with tryptophan and tyrosine in their sequence are potentially

involved in reducing metal ions into their respective metals thus forming nanoparticles [26, 27, 28].

In contrast, histidine (His) containing oligopeptides, bound to the material surfaces, may increase

the interaction between the solvent and metallic surface [29]. Recent computational studies have

demonstrated that aromatic residues His10 and His12 for Pd2 and His6 and His11 for Pd4 have

lower surface interaction and mobility on the surface of palladium nanoparticles compared to other

peptides in the study [29]. Substitution of these His residues with an alanine (Ala) affects the

reactivity and nanoparticle fabrication capability of the peptide, resulting in varying turnover fre-
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quencies (TOFs) for the Stille coupling reaction [29]. Furthermore, minor mutations in the amino

acid sequence, such as cysteine and alanine modifications, will significantly reduce the surface

structure of nanocatalysts, lowering the peptide absorption energy of the palladium nanoparti-

cle [30, 31, 32]. The difference between His6 and His11 in the Pd4 peptide has been the focus

of some studies, as mutation of either of these residues is known to completely modify the struc-

tural and functional abilities of the peptide in nanoparticle synthesis[24, 30]. A computational

study has proposed that His6 has a slightly lower surface interaction energy and mobility on the

surface of the palladium substrate than His11 [29]. However, His11 has more interaction sites

than His6, which explains the difference in the free energy profiles of these residues in many stud-

ies [24, 30, 29]. Attaching the peptides to a green fluorescent protein (GFPuv) using recombinant

fusion proteins can offer an alternative strategy to using chemically synthesized, isolated peptides

that is more cost effective [33, 34, 35]. Additionally, studies have shown that the use of this GFPuv

protein helps in monitoring the synthesis of the nanoparticle in a single-step process [36]. Despite

the success of this approach to successfully produce functioning nanoparticles similar to common

peptide-mediated nanoparticles, relying only on experimental techniques does not provide the in-

sight needed to understand the phenomenon at the molecular level. Here the focus of our study

is to develop a computational framework for investigating the peptide-nanoparticle interaction in

both isolated peptides and protein-attached peptides. We do not claim to have a methodology that

fully explains all aspects of the peptide-nanoparticle interaction but we only focus, in this work, on

the interaction with a single Pd ion. Interestingly, the Pd binding free energies measured for sev-

eral systems including isolated and GFPuv-fused Pd4 and its two known mutants (H6A and H11A

denoted by A6 and A11, respectively) provided a good predictor of the behavior of the resulting

nanoparticles both in terms of their sizes and activities. Employing all-atom molecular dynamics

(MD) simulations and enhanced sampling techniques, we have investigated the differential behav-

ior of isolated and protein-fused Pd4 peptides and its mutants at the atomic level. The peptides

studied in this MD simulation study are the peptide models Pd4 (TSNAVHPTLRHL) and alanine

substitution mutants called A6 (TSNAVAPTLRHL) and A11 (TSNAVHPTLRAL) (Fig. 1A-C).
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Figure 1: The initial and final MD snapshots of Pd4, A6, A11 (A-C), GFP-Pd4,
GFP-A6 and GFP-A11 (D-F) in cartoon representation. The peptide in each pro-
tein is colored red and GFPuv is colored yellow (D-F). Histidines in the peptide
are colored green and shown in licorice representation.

Additionally, for each peptide described above, computationally generated GFPuv bound peptide

models (Fig. 1D-F) were created. Following structural modeling of the peptides, MD simulations

were performed in an aqueous environment, and free energy calculations were done to measure

the absolute binding free energy between each His and Pd ion. Experimental recombinant pep-

tide fusion GFPuv-mediated palladium nanoparticle synthesis results for particle size and turnover

frequencies (TOF) were used to validate our computational results, and provide a comparison to

existing experimental data for free peptides. These simulations provide valuable insights into the

sequence-dependent structural and functional dynamics of the peptides at the atomic level. The re-

sults of this study could potentially be used to guide the design or selection of peptides for isolated

or protein-fused peptide-directed nanoparticle synthesis.
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Methods

All-atom MD simulations were performed to obtain relaxed structures of peptide models to inves-

tigate conformational dynamics and calculate binding energies of His residues on the surface of Pd

ion. For the fusion peptides, the crystal structure of GFPuv (PDB: 1W7S) [37] was obtained from

protein data bank with a resolution of 1.85 Å. Initially, Modeller [38] was used for the construction

of all peptide and GFPuv fusions (Fig. 1). Next, CHARMM-GUI [39, 40] web-server was used to

build the MD simulation models of peptides and GFPuv fusions in aqueous solution of TIP3P [41]

water. Na+ and Cl− ions were used to both neutralize and add 0.15 M of salt to each system. The

total number of atoms for peptide and GFPuv fusion peptide systems was ≈22,300 and ≈68,000,

respectively. NAMD 2.13 [42] was utilized to run the MD simulations with periodic boundary

conditions (PBC) at 310K in the NPT ensemble, and 1 atm pressure was maintained using the

Nosé-Hoover Langevin piston method [43, 44]. Initially, we used the conjugate gradient [45] tech-

nique to energy-minimize each system for 10,000 steps. Following that, we used the standard

CHARMM-GUI [46] protocol to progressively relax the systems using restricted MD simulations.

An NVT ensemble was used for the initial relaxation, whereas an NPT ensemble was used for all

production runs. Simulations were performed using a Langevin integrator with a damping value

of γ = 0.5 ps−1 and a 2 fs time step at 310 K temperature. Every system was equilibrated for 100

nanoseconds using CHARMM36m all-atom force field [47, 48] parameters. VMD [49] was used

to visualize and analyze trajectory data. Principal component analysis (PCA) was performed on

each trajectory using PRODY [50] software. Only Cα atoms of peptide were considered in the

PCA calculations of both free and fused peptide simulations. Secondary structure analysis of each

residue was done using the φ − ψ angles [51] to identify various areas in the Ramachandran plot.

The definitions of different regions in the Ramachandran plot (F, β , αR, and αL regions) labeled

in Fig. 2 and Fig. 4 are based on boundaries defined by Moradi et al. [51]. Further, we calculated

the binding free energy of palladium ion and histidines in the peptide sequence using following

methodology.
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Binding free energy calculations

The Pd binding free energy of histidines in the peptide was calculated for all systems mentioned

above (Fig. 1) using the free energy perturbation (FEP) method [52]. All simulations were car-

ried out using NAMD 2.13 [42]. For FEP calculations, 20 snapshot from a 100 ns equilibrated

system trajectory were obtained, and the Pd2+ ion was positioned within 2 Å of the His aromatic

ring structure’s center of mass. For Pd ion, the force field parameters developed by Heinz et

al. [53] were used, which is already available within CHARMM-METAL [47]. The CHARMM-

METAL [53] parameters provide reliable results for calculating values such as the surface binding

energy of metals (e.g., palladium). This force field model, on the other hand, ignores the contri-

bution of metal atom polarizability to dynamic forces as well as a realistic representation of the

spatial and orientational structure of liquid water at the metal interface [54]. These characteristics

are expected to have a significant role in biomolecule adsorption behavior [54]. However, in pre-

vious computational investigations of peptide binding for bio-based nanomaterials [55, 56], using

the CHARMM-METAL force field, significantly demonstrated the relationship between peptide

surface binding and nanoparticle size and structure. Thus, we used the CHARMM-METAL force

field to demonstrate the qualitative difference between free peptide and GFPuv fused peptide bind-

ing to nanoparticles and show a phenomenological relationship between histidine binding affinity

and nanoparticle size and catalytic activity. Employing polarizable force fields would be beneficial

in future studied to gain a deeper understanding of the relationship between nanoparticle synthesis

and binding free energies. Solvation free energy calculations for palladium ion was carried out un-

der PBC conditions at constant pressure in aqueous TIP3P [41] water solution. The systems were

simulated with a 2 fs time step using Langevin dynamics at a temperature of 310K. Initially, we

utilized the conjugate gradient [45] approach to minimize energy in each system for 10,000 steps.

Every system was equilibrated for 3 nanoseconds (ns). To constrain the distance between the Pd ion

and the His aromatic ring structure in all FEP simulations, we employed a harmonic restraint [57]

in terms of the center of mass distance between Pd ion and His aromatic ring structure. To restrain

the protein conformational dynamics, we also used the root mean square deviation (RMSD) of the
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protein as a collective variable [57]. FEP simulations were performed by varying λ from zero to

one (forward) or from one to zero (backward) in 32 stages (i.e., ∆λ =0.03125). Each stage had a

simulation time of 100 ps including 2 ps of equilibration and 98 ps of data collection. A soft-core

potential was used to avoid the endpoint problem for van der Waals interactions [58, 59] and the

electrostatic interactions were gradually decoupled from λ = 0 to 0.9 in the forward direction and

they were coupled from λ = 0.9 to 0 in the backward direction.

The free energy values were computed using Bennette Acceptance Ratio method [60] within

the parsefep plugin [61] from forward and backward simulations. The thermodynamic cycle illus-

trated in Figure S1 was used for final calculation of the binding free energies. This cycle connects

the binding of palladium ion with the histidine in peptide individually for each system from un-

bound state to bound state, i.e., ∆Gunbound.→bound= ∆G2 with solvation of palladium ion in aqueous

solution ∆Gvacuum.→aqueous= ∆G1 (∆G1 = 282.5 kcal/mol). Overall, the binding free energy of

palladium was calculated based on the equation ∆Gbinding = ∆G1 - ∆G2 derived from the ther-

modynamic cycle (Fig. S1). The mean value and standard deviation of the mean were estimated

from 20 independent FEP calculations based on 20 different snapshots of each system obtained as

described above.

Fusion Protein Preparation

According to the codon preference of E.coli, plasmids encoding Pd4, A6, and A11 peptides fused

to GFPuv were constructed. The fragment containing codons of peptides were introduced to 5′

end of the GFPuv gene using primer forward primers through polymerase chain reaction (PCR).

Synthetic genes containing desired peptides and addgene-plasmid-51559 were double digested

with EcoRI and XbaI restriction enzymes before the ligation. Finally, the designed DNA containing

desired peptides were ligated to the DNA to construct plasmids containing GFPuv fusion proteins.

Bacterial lysates from arabinose induced cells were obtained, followed a method adapted from our

previous research [33]. Protein concentrations were determined using the detergent compatible

(DC) protein assay (Bio-Rad, Hercules, CA).
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Nanoparticle synthesis

To synthesize palladium nanoparticles (Pd NPs) at room temperature, 0.16 mg K2PdCl4 was added

to synthesis mixtures (one milliliter total volume) containing 0.23 mg fusion protein. These

amounts result in a 2:1 ratio of Pd+2 to Pd4. After mixing for 0.5 hour, 1.5 mg NaBH4 was added

to the mixture to reduce Pd+2 ions to metallic Pd and NPs were formed rapidly after reduction

indicated by a color change (yellow to light brown). The NP shape and size distribution were ana-

lyzed using transmission electron microscopy (TEM). A droplet containing ten microliter samples

of the reaction mixture were placed on a 300 mesh standard lacey carbon grid. FEI Titan 80−300

instrument was used to producing nanoparticle size distribution and morphology images. TEM

images were analyzed using ImageJ software [33] in order to measure particle sizes. Experimental

data on nanoparticle size for the three systems were limited. Using bootstrapping, the particle size

data was re-sampled 100 times for each system for statistics calculations. The bootstrap method

involves iteratively resampling a set of data to generate a sub-sample that is smaller than or equal

to the size of the given data set. This sub-sample is produced using replacement, which allows

each data point to be sampled multiple times or not at all. The bootstrap particle size data was

also processed to generate probability density functions using the kernel density estimator. Corre-

sponding histograms (Fig. 3A) were generated using the 100 probability density functions derived

from kernel density estimate.

Screening of reaction parameters for Suzuki-Miyaura coupling reaction

For optimizing the reaction condition, a method developed by Mosleh et al., was adopted [33].

The different reaction conditions including base, temperature, and solvent were evaluated using

the model coupling reaction (Table S1). The reaction did not result in high yield when KOtBu,

K2HPO4, and KH2PO4 (entries 1-3) were used as base while the reaction proceeded with excel-

lent catalytic activity in the presence of K2CO3 (entry 4). The catalytic performance of reaction

under different temperatures indicated that by increasing the temperature, higher yields could be

obtained. Indeed, the presence of EtOH in water-contained solvents as a green solvent with the
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ratio of 1:1 was found to be the best solvent for Suzuki-Miyaura coupling reaction (entries 6-8).

Screening of reaction parameters for Stille coupling reaction

To obtain the optimized condition for Stille coupling reaction, the reaction of iodobenzene and

phenyltin trichloride was used as the model reaction and other reaction conditions including base,

temperature, and catalyst loading were evaluated (Table S2). For the base study, a series of bases

were explored and K3PO4 was found to be the best base as the yield of biphenyl production was

97% (entries 1-4). Higher yields could be obtained when higher temperatures were used. Although

70% yield of biphenyl was proceeded at 60 ◦C, the reaction was performed for 20 hrs. Employing

80 ◦C resulted in biphenyl production with 96% yield after 6 hrs. Furthermore, increasing the

amount of catalyst did not alter the yield of biphenyl while lower catalytic activities were observed

when 2 mmol% and 1 mmol% of Pd was present in the reaction (entries 7-9).

Results and Discussion

Histidine-palladium binding free energies for free peptides

The Pd4, A6, and A11 peptides described above were first computationally modeled and equili-

brated using MD as described in the Methods section. The binding free energy of Pd with histi-

dine residues at positions 6 and 11 was then calculated using the free energy perturbation (FEP)

method [52] to determine the site-specific binding strengths of the peptide (see Methods section -

Binding free energy calculations). The Pd binding free energies of the histidines are reported in

Table 2 along with average particle size and turnover frequency (TOF) from Ref. 24 and Ref. 30.

Table 2: Binding free energy of Pd nanoparticles with free peptide

Peptide Binding Free Energy(kcal/mol) TOF(h−1) Average Particle Size (nm)
His6 His11 Effective Ref. 24 Ref. 30 Ref. 24 Ref. 30

Pd4 -89±5 -157±8 -157±8 2234±99 2200±100 1.9±0.3 2.1±0.4
A6 -145±7 -145±7 5224±381 5200±400 2.2±0.4 2.2±0.7
A11 -118±6 -118±6 1298±107 1300±10 2.4±0.5 2.6±0.4

The differential binding free energy values highlight the importance of the histidine residues
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in these free peptides. As the peptide sequence is modified, the binding free energy value changes

significantly. For systems with His11 present, the free energy of Pd ion binding with His11 was

-157±8 and -145±7 kcal/mol for Pd4 and A6, respectively. On the other hand, the free energy

for binding with His6, was -89±5 and -118±6 kcal/mol, in Pd4 and A11, respectively. The lower

free energy for binding with His11 made it the preferred Pd binding site when it was available,

which is directly related to its high affinity and TOF value in palladium nanoparticle synthesis.

Therefore, the His11 has a much higher affinity to Pd than His6. His6 is also potentially involved

in the production of nanoparticles, even in the absence and presence of His11 in A11 and Pd4

peptides, respectively. However, it is unlikely to be the dominant binding site due to its low affinity

for the palladium ion, possibly resulting in a lower TOF value.

The binding free energies from Table 2 provided more insight into existing catalytic rate data

of TOF values from Ref. 24 and Ref. 30. Even though the Pd binding free energy of His11 in A6 is

slightly higher than that of His11 in Pd4, the TOF for A6 was doubled, from 2200±100 h−1 (Pd4)

to 5200±400 h−1 (A6). Conversely, when only the His6 is present, as in A11, the TOF decreases

to 1298±107 h−1. With both His6 and His11 present in Pd4, the catalytic activity was slowed

down. The lower TOF in Pd4 as compared to A6 has been attributed to the shared interaction

activity of the two histidines in Pd4, where a larger area of nanoparticle is covered by the peptide

when two histidines can bind to the nanoparticle 30. It is apparent from the binding free energy

data that both histidine residues can be involved in the nanoparticle interaction. In prior studies,

it was discovered that when the peptide was altered at residue His6, the experimentally estimated

binding free energy of the peptide had a greater affinity for palladium nanoparticle than when

modified at residue His11 [55, 56].

Other synthesis measures showed similar relationship with the free energy calculations. Exist-

ing nanoparticle size data from transmission electron microscopy (TEM) measurements [24, 30]

displayed a linear relationship with the minimum binding free energy of the histidines (Fig. 3A).

Higher binding free energy of the palladium with the peptide during synthesis correlated with

larger particle size. These free energy calculations shed light on the competitive relationships be-
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tween histidine binding sites that determine catalytic activity of the peptide and the size of the

nanoparticle produced. To investigate these differences, the peptide simulation trajectories were

subjected to further in-depth examination.

Secondary structure propensity for free peptides

To evaluate the influence of the mutations on the secondary structure of peptide, the φ − ψ angles

of the peptides’ residues 6 and 11 were analyzed on Ramachandran plots [62, 51] (Fig. 2).

Pd4 A11A6

ϕ ϕ ϕ

ψ

ψ

R
esidue 6

R
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Fβ
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β F
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Figure 2: The structural propensities of peptide Pd4, A6, and A11 shown as Ra-
machandran plots (x-axis φ and y-axis ψ angles) of residue 6 (top) and residue
11 (bottom). Secondary structures are colored as follows: αR-green, αL-magenta,
β -orange, and F-blue.

This analysis revealed that the αL propensity of residues was significantly affected by the mu-

tation of His6 and His11 to alanine. The secondary structure of the residues was primarily acquired

within the F area of the Ramachandran plots in wild type Pd4 peptides (Fig. 2). However, the mu-

tation H6A in A6 changed the secondary structure of His11, which features a significantly higher
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αL propensity value giving it more α helical structure compared to the residue in peptides Pd4 and

A11 (Fig. 2). In A11, the mutation of the His11 to an alanine changed the propensity of the αL

secondary structure of residue 11 but not as prominently as in the A6 and Pd4 peptide structure

(Fig. 2). This explain the low TOF of A11 than Pd4 and A6 (Table 2). The αL propensities of both

His6 and His11 in the Pd4 peptide are comparable, but not as high as His11 in the A6 peptide,

As a result, we believe that Pd4 has lower binding free energy and TOF than A6 (Table 2). This

secondary structure difference could be a reason for the difference in the TOF and free energy

results, as the α structure of the amino acid is directly proportional to the reactivity because of the

rigid structure of the residue. Although similar results have been reported in previous study [55],

our method for calculating this is unique and distinct, and the major purpose of this study is to ex-

amine the differences between peptide and GFP-fused recombinant peptides (Fig. S2 & S3). The

following section of our findings show how the fusing of GFPuv protein to these peptides affects

the structure of the peptide and the production of nanoparticles.

GFPuv fusion peptide simulations and experiments

Table 3: Binding free energy of Pd nanoparticles with GFPuv fused peptides

Peptide Binding Free Energy (kcal/mol) TOF (h−1) Average Particle
His6 His11 Effective Stille Suzuki-Miyaura Size (nm)

GFP-Pd4 -118±6 -122±6 -122±6 2945±103 11731±839 2.6±0.5
GFP-A6 -122±6 -122±6 2912±101 11093±481 2.7±0.7

GFP-A11 -118±6 -118±6 2942±65 10867±443 2.6±0.4

To study the ability of the GFPuv fusion peptide framework to produce Pd nanoparticles, MD

and FEP simulations of peptides bound to the GFPuv protein were conducted. GFPuv fused peptide

directed palladium nanoparticles were generated experimentally and used as catalysts for the Stille

and Suzuki-Miyaura coupling reactions for characterization. A schematic of the different reactions

and a plot of the catalytic data is presented in Fig. S4. Turn over frequency (TOF) observed in

these catalytic rate results are reported in Table 3. The nanoparticles directed by three GFPuv

fused peptide (Pd4, A6 and A11) systems were analyzed by Transmission electron microscopy
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(TEM) to measure particle size (Fig. S5). Regardless of mutation, the in silico binding free energy

of palladium with histidines in GFPuv fused peptides are consistent with each other (Table 3).

Interestingly, the binding free energy estimates for His6 are identical (-118±6 kcal/mol) in GFP-

Pd4 and GFP-A6. Similarly, the binding free energy estimates for His11 are identical (-122±6

kcal/mol) in GFP-Pd4 and GFP-A11. Even His6 and His11 have quite similar binding free energies

with only 4 kcal/mol difference, which is within the uncertainty of the calculations. Note that

these binding free energies are estimated from 20 distinct sets of independent FEP simulations

each with a different initial conformation, so our findings are statistically significant. TOF and

nanoparticle size estimates, on the other hand, follow the same pattern as the free energy values in

that the mutations do not have a significant impact on the size and function of the nanoparticles.

Previous studies [63, 29] of nanoparticle synthesis using free peptides, produced nanoparticles with

a varying particle sizes. This could be because of difference in the effective binding free energy

between the histidine and Pd ion in the free peptides.

To test this hypothesis, we investigated the particle size of nanoparticles made with recom-

binant fusion peptides to see whether there was a relationship between free energy values and

the size of the particles produced. Average particle sizes of 2.6±0.5 (nm), 2.7±0.7 (nm), and

2.6±0.4 (nm) were observed when the nanoparticles were prepared from GFPuv fused Pd4, A6

and A11 peptides, respectively. The particle sizes of the three systems are not only identical on

average, but also have similar density distributions (Fig. 3A). The TEM particle size findings for

every GFPuv fusion peptide-mediated nanoparticle production were re-sampled 100 times using

bootstrapping to estimate kernel density distribution (Fig. 3A). These nanoparticle particle size

(Table 3) and distribution results (Fig. 3A) are significantly similar and have a consistent trend like

binding free energies calculated in our study (Table 3). In Still coupling processes, similarities

between TOF values were also observed for all fusion peptides, which follows the same pattern

as the binding free energies. The Suzuki-Miyaura reactions provided a different and higher TOF

values than Stille coupling method, but the uniform catalytic behavior of the fusion peptides per-

sisted across these two different reaction types. When compared to free peptide simulations results
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(Table 2), the TOF of the fusion peptides in nanoparticle synthesis are different for each peptide,

which is expected because the binding free energy of all the His combinations in free state are

significantly different. Whereas in the fused form, the TOF observations from both tests are con-

siderably comparable; as a result, the binding free energies of all His combinations in the fused

state are quite similar. This confirms that the binding free energy value of His residues with Pd ion

are proportional to the catalytic rate (Table 3).

As previously discussed the TOF is varied when either histidine in the free Pd4 peptide is

mutated to alanine with A6 and A11 having the greatest and lowest TOF, respectively (Table 1).

The TOF variability is not observed in GFP fused peptides (Table 2). While the lower TOF in A11

is justifiable by assuming that His11 is more reactive than His6, which is also consistent with our

free energy estimates (Table 1), the reason for higher TOF of the A6 peptide is less clear. This

has been attributed to the presence of two histidines in Pd4 and their ability to cover more of the

nanoparticle surface as compared to one histidine in A6 [30]. However, this justification does

not seem to be consistent with what we have observed with the GFP fused peptides. Here, we

observe very similar TOF values for A6, A11, and Pd4 peptides when attached to the GFP protein.

Although we agree with Bedford et al. [30] that the presence of two histidines rather than one

causes the lower TOF in Pd4 as compared to A6, we hypothesize that the intramolecular interaction

of the two histidines may be the more important factor in lowering the activity as compared to the

shared interaction with the nanoparticle. This argument is consistent with the fact that we observe

significantly more frequent histidine-histidine interactions in free Pd4 than GFP-Pd4. To quantify

the interactions more accurately, we have measured His6-His11 interaction energies in Pd4 and

GFP-Pd4. We specifically measured the frequency of observing His6-His11 interaction energies

that are larger than 1 kcal/mol in magnitude (as a measure of non-negligible interactions). In GFP-

Pd4, this frequency is only 7% as compared to 23% in the free Pd4, indicating there is a 3-fold

decrease in the frequency of His6-His11 interactions when Pd4 is attached to GFP as compared

to when it is free. Alternatively, one may consider the interaction energy distributions, which

similarly indicates that larger interaction energies are observed more frequently in free Pd4 than
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in GFP-Pd4 (Fig. S6). We therefore hypothesize that the histidine-histidine interactions may be

behind the lower TOF of Pd4 relative to A6 and since these interactions are less significant in GFP

fused peptide, we no longer observe a lower TOF for GFP-Pd4 relative to GFP-A6.
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Figure 3: (A) Nanoparticle size as a function of binding free energies (line repre-
sents linear regression of free peptide results). The inset shows the kernel density
estimation of 100 bootstrap resamples of experimentally measured nanoparticle
sizes. Size distribution for nanoparticles synthesized using GFPuv fusion pep-
tides. (B-C) RMSD profile of free peptides and GFPuv fused peptides, respec-
tively. (*) Only the peptide region was used for RMSD calculation in (C).

All GFPuv fusion peptides show a similar trend in binding free energy, TOF, average nanopar-

ticle size and distribution, supporting our above assumption. Root mean square deviation (RMSD)

of the peptides were stable and unvarying in all GFPuv fused systems (Fig. 3C). This implies that

GFPuv might be stabilizing the peptide structure during nanoparticle production. In contrast to

fused peptides, the free peptide backbone RMSD (Fig. 3B) fluctuated more. Based on the RMSD

data, we believe that the conformational stability of the peptide is important in the production

of uniform nanoparticles. In support of this claim, all GFPuv fusion peptide experiments pro-

duced consistent nanoparticles. The GFPuv controlled the peptide structural variations throughout

nanoparticle synthesis, resulting in a quite similar nanoparticle size and distribution (Fig. 3A)

across all GFPuv fused peptide-mediated nanoparticle synthesis.
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Secondary structural propensity for GFPuv fusion peptides

A secondary structure analysis of the simulated GFPuv fusion peptides revealed further differences

between free peptide simulations and the fusion peptide simulations. The Ramachandran plots of

peptides Pd4, A6, and A11 bound to GFPuv are shown in Fig. 4.

GFP-Pd4 GFP-A11GFP-A6

ϕ ϕ ϕ

ψ

ψ

R
esidue 6

R
esidue 11

αL

Fβ

αR

β F

β

Figure 4: Structural propensity of the GFPuv fused peptide Pd4, A6, and A11
shown as Ramachandran plots (x-axis φ and y-axis ψ angles) of residue 6 (top
row) and residue 11 (bottom row). Secondary structures are colored with αR as
green, αL as magenta, β as orange, and F as blue.

The coloring cluster of the plots are consistent with Fig. 2. The propensity for αL states was

lower in the all the bound peptide simulations. Also, the relationship between histidine and αL

propensity observed in the free peptide simulations did not exist for the GFPuv fusion peptides.

The presence of histidine at position 6 and 11 had either no correlation or inverse correlation to

the αL propensity. For GFP-Pd4, the αL propensity was almost identical for residue 6 and 11. In

the GFP-A6 simulations, the histidine at residue 6 showed a very slight increase in αL propensity,
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while residue 11 had a a secondary structural propensity similar to GFP-Pd4. Finally, GFP-A11

showed near zero αL states for both residues, regardless of the presence of a histidine. Unlike the

free peptide secondary structure properties discussed previously, the secondary structure of amino

acid residues at positions 6 and 11 remains consistent across all GFP-bound states. Furthermore,

in contrast to the free peptide-mediated method, the lack of high αL propensity differences resulted

in identical binding free energy and similar size nanoparticles in GFPuv fusion peptides approach.

Hence, secondary structure of the protein ultimately altering the peptide behaviour, which directly

implicated on the nanoparticle size (Fig. 3), catalytic reactivity (Table. 3) and binding free energy

(Table. 3) calculations in our examination. The experimental TOF calculations and TEM (Table 3)

outcomes for GFPuv fused peptides strongly supports the computationally determined free energy

(Table 3) results and structural properties of peptides (Fig. 4), thus showing the effectiveness of the

approach. Peptides are generated chemically, which makes them expensive. GFP-fused recombi-

nant peptides, on the other hand, can be made more quickly and at a lower cost.

Hydrogen bond analysis

To further explore the structural differences observed in simulation, a hydrogen bond analysis was

performed. Hydrogen bonds are significant interactions in proteins and peptides, contributing to

backbone conformational stability differences [64]. To quantify hydrogen bonds in the peptide

backbones, the hydrogen bond occupancies were calculated with bond length and angle cutoffs

of 4.0 Å and 40◦, respectively, for the simulated trajectories of the free and the fusion peptides.

To account for the weak hydrogen bond interactions, we used a relatively loose definition of hy-

drogen bonding; however, a more strict definition (distance and angle cutoffs of 3.5 Å and 30◦,

respectively) gives qualitatively similar results (Fig. S7). In the hydrogen bond analysis of the

free peptides (Fig. 5A), the A6 peptide formed more stable backbone hydrogen bond interactions

throughout the course of the simulation than Pd4 and A11, which both had very few hydrogen

bonds in the occupancy percentage. We discovered the hydrogen bonds that resulted in significant

occupancy in the A6 peptide in free peptide simulations. There are two major hydrogen bond

77



 0

 20

 40

 60

 80

 0  4  8  12  16  20

Pd4

 0  4  8  12  16  20

A6

 0  4  8  12  16  20

A11

 0

 20

 40

 60

 80

 0  4  8  12  16  20

GFP−Pd4(*)

 0  4  8  12  16  20

GFP−A6(*)

 0  4  8  12  16  20

GFP−A11(*)

A

B
Number of hydrogen bonds

Number of hydrogen bonds

O
cc

up
an

cy
 p

er
ce

nt
ag

e
O

cc
up

an
cy

 p
er

ce
nt

ag
e

Figure 5: The occupancy percentage of hydrogen bonds calculated from the MD
simulations for the (A) free peptides and (B) GFPuv fused peptide region. (*)
Only the peptide region in the GFPuv fused peptide simulations was used for
hydrogen bond analysis.

interactions (R10-P7 and A6-L9). The A6-L9 bond is particularly important, with a 38 percent

occupancy. This hydrogen bond was formed only in the A6 peptide, and being associated with the

mutated residue suggests that the H6A (A6) mutation may play a critical role in protein stability.

In the A6 peptide, another hydrogen bond with a 46 percent occupancy was formed between R10

and P7 residues. Residue 11 had the greatest αL propensity in the A6 free peptide simulations,

which might be due to the hydrogen bond between R10 and P7, as they are adjacent residues.

Since, hydrogen bond interactions are also responsible for backbone conformational stability and

secondary structure differences [64]. As a result, we can see the difference in secondary structure

between Pd4 and A11 with absence of these two hydrogen bonds.

In Fig. 5B, hydrogen bond interactions of just the peptide region for GFPuv fusion peptides are
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reported. The distribution of hydrogen bonds was qualitatively similar for all the GFPuv fusion

peptides, with a broad distribution in the number of hydrogen bonds observed. The inclusion of

GFPuv improves the peptide stabilization by forming evenly distributed hydrogen bonds, resulting

in decreased RMSD of the peptides and a comparable αL propensity regardless of mutation. The

principal component analysis (PCA) of Cα atoms in Fig. S8 also reveals substantial differences in

the conformations of A6, Pd4, and A11. Pd4 and A11 are equally dispersed along PC1 and PC2,

but A6 clustered differently. When peptides were fused to GFPuv, the PCA of the fusion peptides

showed even higher stability, with thicker clusters than free peptides suggesting minimal variation

during simulations. Our findings imply that the GFPuv fused peptide can govern the size and

functioning of nanoparticles by stabilizing peptide fluctuations, secondary structure, and surface

binding abilities, resulting in a uniform nanoparticle and TOF in experimental data. Mutations in

GFPuv fused peptides had no effect on the binding free energies and secondary structure of the

peptide, as well as the experimentally measured nanoparticle size and TOF values. Hence, all of

our computational findings are in agreement with the experiment results.

Using a combination of simulations and experiments, we have shown a phenomenological

relationship between histidine binding affinity, secondary structure, peptide size, and catalytic re-

activity. Our simulation models, however, do not explain why a relationship exists between TOF

and binding free energy. We believe that histidine binding affinity, peptide conformational stabil-

ity, and secondary structure all influence catalytic reactivity and size of nanoparticle. However,

understanding these relationships at a molecular level requires a more detailed study and a more

complete picture of nanoparticle synthesis and activity, which may enable the development of more

effective peptides for nanoparticle formation. Our findings may contribute to the development of

other simulation studies investigating the observed relationships.

Conclusions

Overall, our computational and experimental results have added molecular level detail to the ex-

isting sequence dependent different catalytic results in Pd nanoparticle production using free pep-
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tides. This research demonstrates how a single amino acid substitution in the free Pd4 peptide

sequence may alter the structure and catalytic properties of nanoparticle production. Our findings

demonstrate that the H6A mutation increased the αL propensity of residue 11 (Fig. 2) and hydro-

gen bond occupancy (Fig. 5) in the peptide backbone. This increased the affinity of palladium

ions for residue 11 in A6 peptide. Peptide stability and secondary structure have a significant im-

pact on these differences in nanoparticle production induced by single mutations in free peptide.

The uniformity in experimental turn over frequency (TOF), particle size (Table 3) and distribution

(Fig. 3A) results of nanoparticles using GFPuv fused peptides showed consistent results for all

nanoparticle produced and without any aggregation, the nanoparticles remained stable. One of the

advantages of our method is that the coupling process was carried out in a water/EtOH mixture,

which resulted in a sufficient dipole moment, which prevented the nanoparticles from aggregating

even at 80 degrees Celsius. The catalytic activity were attributed to Pd nanoparticles, which are

crucial in coupling processes. Based on simulation predictions GFPuv fused peptides, are unaf-

fected by peptide sequence changes which are reported in free peptide conditions. GFPuv acted as

a stabilizer when linked to peptides. Since the peptide was stabilized in a fused state, the palladium

binding free energy with the histidines (Table 3), RMSD (Fig. 3C), secondary structure (Fig. 4),

and hydrogen bond occupancy (Fig. 5) are all extremely comparable between all systems.

This paper describes a novel approach for generating multi-functional peptides with distinct

amino acid domains for the cost-effective production of nanoparticles. Using FEP/MD simula-

tions, the approach used in this study might be used to successfully manufacture additional nano

catalysts, as well as to explain and perhaps find peptide regions critical to nanoparticle production.
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Conclusion

Through the use of MD simulations, we were able to construct an empirical framework for pre-

dicting the peptides that could be used in the effective synthesis of nanoparticles and investigate

the insertion mechanisms of gram-negative and gram-positive YidC.

For the first time, we investigated the molecular aspects of YidC independent function in gram-

positive and gram-negative bacteria using all-atom MD and biased MD simulation methodology

(such as steered molecular dynamics).We have presented a comprehensive examination of the

many different YidC domains that each play a crucial role in the stability and function of YidC.

We have uncovered significant interactions that play a key role in the protein’s stability as well as

its function. In conclusion, the findings of our study point to a mechanism by which gram-positive

and gram-negative YidC may insert without the involvement of SecY.

The computationally hypothesized Sec-independent insertion mechanism of polypeptides by

YidC is in excellent accord with the findings from studies that were done in the past. According to

the findings of this research, the cytoplasmic loops not only play an extremely important part in the

stability of YidC but also serve as the primary contact locations at which insertion may take place.

Incoming Pf3 coat protein contacts cytoplasmic loops and then penetrates the hydrophilic groove,

forming a salt bridge with R72. This salt bridge stabilizes the Pf3 coat protein in the YidC TM

groove at the initial stage of insertion. Hydrophilic interactions inside the groove facilitate the tran-

sit of the protein towards the periplasmic side. The salt bridge between D18 of the Pf3 coat protein

and R72 of YidC stabilizes the Pf3 coat protein within the groove. When Pf3 is fully within the

YidC hydrophilic groove, it contacts lipid tails. Proton motive force and hydrophobic contact with

the membrane lipid tails let the Pf3 coat protein migrate to the periplasmic side of the membrane.

In this mechanism, YidC undergoes large conformational changes during SecY-independent inser-

tion, such as widening of the TM region. Despite recent advances and widespread docking, there

are still several downsides. Model quality and docking accuracy affect simulation outcomes. To

properly understand the process, further docking models are needed, including substrate proteins

in different structural states. This research will assist experimental and computational scientists in
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examining YidC SecY-independent mechanism.

The C2 cytoplasmic loop also has a significant role in YidC in gram-negative bacteria. Based

on our analysis, the gram-negative YidC C2 cytoplasmic loop aids in stabilizing the protein struc-

ture by having indirect impacts on connections in the transmembrane core region and allosteric

effects on other periplasmic domains, particularly on interactions between the PD and TM regions.

Additionally, our analysis suggests that the C2 loop’s absence affects YidC functional character-

istics, such as the groove’s hydration. Our study of gram-positive bacterial YidC using molecular

dynamics simulations has shown that C2 loops may be required for the structural stability and

functionality of gram-negative YidC membrane protein dynamics that are independent of SecY.

However, more research is needed to better understand the function of the C2 loop in the insertion

of tiny single-spanning membrane proteins, such as the pf3 coat protein, which are considered to

interact with the cytoplasmic loops at the beginning of the insertion pathway of YidC in gram-

positive bacteria.

In addition, we provide a unique method for generating peptides with multiple functions and

different amino acid domains, which may be used in the inexpensive manufacture of nanoparticles.

The methodology developed for this work, primarily involving FEP/MD simulations, has the po-

tential to be applied to the efficient development of new nanocatalysts as well as the identification

and explanation of peptide regions crucial to nanoparticle formation. The sequence-dependent,

various catalytic outcomes in the production of Pd nanoparticles from free peptides have been en-

hanced by the molecular-level detail from our computational and experimental findings. This work

demonstrates how altering the sequence of a single amino acid in the free Pd4 peptide may alter

the structure and catalytic characteristics of nanoparticle production. We anticipate that this ap-

proach may be used in various peptide nanocatalyst development processes. To fully explore these

theories, further experimental and computational research is required. However, the relationship

between TOF and binding free energy is not explained by our simulation models. According to our

theory, the size and catalytic activity of nanoparticles are influenced by the secondary structure,

peptide conformational stability, and histidine binding affinity. However, a more thorough inves-
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tigation and a fuller knowledge of nanoparticle synthesis and activity are needed to fully grasp

these interactions at the molecular level. This computational approach will help scientists create

more potent peptides for nanoparticle synthesis. Our results could aid in the development of more

simulation studies that look into the relationship we proposed in our study.
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Supplementary Material for Chapter I: An Investigation of the YidC-Mediated Membrane

Insertion of Pf3 Coat Protein Using Molecular Dynamics Simulations

Adithya Polasa1, Jeevapani Hettige1, Kalyan Immadisetty1 and Mahmoud Moradi1 ∗

1Department of Chemistry and Biochemistry, University of Arkansas, Fayetteville, AR 72701
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Figure S1: (A) Overall inter-helical angle between transmembrane helix 1a and
2 helices of the protein in pose 1 (red) and pose 2 (blue) simulations. (B) The
probability density distribution for the angle between transmembrane helices 1a
and 2.
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Supplementary Material for Chapter II: Deciphering the Inter-domain Decoupling in the

Gram-negative Bacterial Membrane Insertase
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Figure S1: Analysis of the structural stability of YidC with and without the PD
and C2 loop. The average and standard deviation of the YidC’s root mean square
deviation in various systems are shown in this figure. Based on RMSD data, we
have shown that YidC is more fluctuating in the system without the C2 loop and
PD than in the system with the C2 loop and PD. The dashed lines in the graphs
represent the second simulation run for each individual system.
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Figure S2: Inter-helical angles between transmembrane helices of YidC. (A–D)
The inter-helical angle between the transmembrane helix 1 and helix 2 of the
protein. (E–H) The overall inter-helical angle between helix 2 region and helix 3
of the protein. (I–L) The inter-helical angle between the transmembrane helix 3
and helix 4 of the protein. (M–P) The overall inter-helical angle between helix 3
region and helix 5 of the protein.
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Figure S3: The DNA analysis showed that the YidC set 1 control system and the
other YidC systems that were investigated for this research have distinct dispari-
ties in their correlations. Although the highest difference in correlation that may
be detected in practice was less than one, the theoretical maximum is two. (A-H)
Differences in correlation are shown as a gradient of red, with deeper red repre-
senting bigger differences.
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Figure S1: Schematic representation of thermodynamics cycle for calculating the
relative binding free energy of palladium binding to the histidine of peptides.(A-
B) Solvation free energy of palladium ion in the aqueous solution. (C-D) Relative
free energy binding of the palladium with the histidines of the peptides. overall
binding free energy is derived from ∆Gbinding = ∆G2 - ∆G1
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Figure S2: Ramachandran plots of residues in free peptides: (A-C) The backbone
structure of the residue in peptides Pd4, A6, and A11 respectively. The region
definitions are the same as Figure 1A. Orange, blue, pink, green, and gray clusters
identify the β , F, αL, αR, and N regions, of Ramachandran plot respectively.
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Figure S3: Ramachandran plots of residues in GFPuv fusion peptides: (A-C)
The backbone structure of the residue in GFP bound peptides Pd4, A6, and A11
respectively. The region definitions are the same as Figure 1A. Orange, blue, pink,
green, and gray clusters identify the β , F, αL, αR, and N regions, of Ramachandran
plot respectively
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Figure S4: Schematic diagram and TOF of (A) Stille coupling and (B) Suzuki-
Miyaura coupling reaction for GFP fused peptides Pd4, A6 and A11 respectively.
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Figure S5: (A-C) TEM images of nanoparticles produced from GFPuv-attached
peptides Pd4 (A), A6 (B) & A11 (C).

100



 0

 10

 20

 30

 40

 50

 60

 70

 80

 90

 100

 0  10  20  30  40  50  60  70  80  90  100  110

Pe
rc

en
ta

ge
 (%

)

Interaction Energy (kcal/mol)

 0

 0.5

 1

 1.5

 2

 2.5

 10  20  30  40  50  60  70  80  90  100  110

Pd4GFP−Pd4

Figure S6: His6-His11 interaction energy distribution in the Pd4 and GFP-Pd4
systems. The normalized histograms are built with a bin size of 10 kcal/mol and
based on the magnitude of interaction energies. In the inset, the distribution is
shown, but the 0–10 bin is left out.

A

B
Number of hydrogen bonds

O
cc

up
an

cy
 p

er
ce

nt
ag

e

 0

 20

 40

 60

 80

 100

 0  4  8  12  16  20

PD4

 0  4  8  12  16  20

A6

 0  4  8  12  16  20

A11

 0

 20

 40

 60

 80

 100

 0  4  8  12  16  20

GFP−PD4(*)

 0  4  8  12  16  20

GFP−A6(*)

 0  4  8  12  16  20

GFP−A11(*)

Number of hydrogen bonds

O
cc

up
an

cy
 p

er
ce

nt
ag

e
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Table S1: Optimized condition via coupling reaction of iodobenzene and
phenylboronic acid. Solvent, base, and temperature.

Ar−X+Ar′
Catalyst,Base−−−−−−−−−−−−−−−−−→

Solvent,Time,andTemperature
Ar−Ar′ (2)

Entry Solvent Base (mmol) Time (h) Temperature (◦C) Yieldb (%)
1 EtOH: H2O (1:1) KOtBu 3.0 80 47
2 EtOH: H2O (1:1) K2HPO4 3.0 80 65
3 EtOH: H2O (1:1) K2HPO4 3.0 80 62
4 EtOH: H2O (1:1) K2CO3 3.0 80 98
5 EtOH: H2O (1:1) K2CO3 8.0 80 82
6 EtOH: H2O (3:1) K2CO3 1.5 80 98
7 EtOH: H2O (1:1) K2CO3 1.5 80 97
8 EtOH: H2O (1:3) K2CO3 3.5 80 74

Reaction conditions:iodobenzene (0.1 mmol), phenylboronic acid (0.12 mmol), base (0.3 mmol)
and Pd NPs (0.005 µmol) were mixed in solvent and refluxed under N2. (b)Yield were determined
by HPLC.

Table S2: Optimized condition via coupling reaction of iodobenzene and
phenyltin trichloride. Solvent, base, and temperature.

Ar−X+Ar−SnCl3
Catalyst,Base−−−−−−−−−−−−−→

EtOH:H 2OandRe f ulx
Ar−Ar′ (3)

Entry Solvent Pd (mmol %) Time (h) Temperature (◦C) Yieldb (%)
1 5 KOH 6.0 80 72
2 5 K2CO3 6.0 80 34
3 5 K2HPO4 6.0 80 36
4 5 CsF 6.0 80 97
5 5 K3PO4 48.0 40 58
6 5 K3PO4 20.0 60 70
7 10 K3PO4 6.0 80 96
8 2 K3PO4 16 80 88
9 1 K3PO4 16 80 64

Reaction conditions:iodobenzene (0.1 mmol), phenylboronic acid (0.12 mmol), base (0.3 mmol)
and Pd NPs (0.005 µmol) were mixed in solvent and refluxed under N2. (b)Yield were determined
by HPLC.
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