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Abstract: In vivo, as an advanced catalytic strategy, transient non-covalently bound multi-enzyme

complexes can be formed to facilitate the relay of substrates, i. e. substrate channeling, between

sequential enzymatic reactions and to enhance the throughput of multi-step enzymatic pathways.
The human thymidylate synthase and dihydrofolate reductase catalyze two consecutive reactions

in the folate metabolism pathway, and experiments have shown that they are very likely to bind in

the same multi-enzyme complex in vivo. While reports on the protozoa thymidylate synthase-
dihydrofolate reductase bifunctional enzyme give substantial evidences of substrate channeling

along a surface “electrostatic highway,” attention has not been paid to whether the human thymi-

dylate synthase and dihydrofolate reductase, if they are in contact with each other in the multi-
enzyme complex, are capable of substrate channeling employing surface electrostatics. This work

utilizes protein–protein docking, electrostatics calculations, and Brownian dynamics to explore the

existence and mechanism of the substrate channeling between the human thymidylate synthase
and dihydrofolate reductase. The results show that the bound human thymidylate synthase and

dihydrofolate reductase are capable of substrate channeling and the formation of the surface

“electrostatic highway.” The substrate channeling efficiency between the two can be reasonably
high and comparable to that of the protozoa.
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Introduction
Metabolons, transient non-covalently bound multi-

enzyme complexes, are thought to be important for

the organization of enzymes and the regulation of

their reactions in vivo. Metabolons are usually com-

posed of enzymes that catalyze the sequential reac-

tions in an enzymatic pathway. One of the

advantages of metabolon formation is substrate

channeling.1 Substrate channeling is the direct

transportation of a reaction intermediate from one

enzyme active site to the next without prior release

into the bulk solution. It can facilitate the enzymatic

reactions in several ways. For example, it can

reduce the lag time between two reactions and it

can protect labile intermediates from the aqueous

environment.2 While the existence of metabolons

has been controversial,3 convincing evidence has

been been established for substrate channeling.2,4,5
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Among covalently bound enzymes, channeling has

been observed in the protozoa bifunctional dihydro-

folate reductase-thymidylate synthase enzyme.6

Thymidylate synthase (TS) and dihydrofolate

reductase (DHFR) are ubiquitous enzymes across

organisms. TS is a homodimer; it catalyzes the

reductive methylation of deoxyuridine monophos-

phate by H2C �H4folate to deoxythymidine mono-

phosphate and H2folate.7 DHFR is a monomer and it

catalyzes the reduction of H2folate to H4folate,

replenishing the intra-cellular H4folate pool.8 The

production and regulation of DHFR and TS are

closely coupled to the cell cycle because they partici-

pate in the sole de novo synthesis pathway of thymi-

dylate, a building block of DNA.9,10 Insufficient

DHFR and TS activity leads to thymidylate defi-

ciency, halted cell cycle and eventual cell death.11

Because of the crucial role that DHFR and TS play

in living organisms, they have attracted much bio-

logical and biomedical interest. For example, they

are drug targets in cancer treatments.12 Species-

specific inhibitors of DHFR and TS are also used to

eliminate pathogens in the human body, such as the

parasitic protozoa that cause severe epidemics like

malaria.13–16

While the protozoa DHFR and TS are known to

be able to channel their intermediate substrate

H2folate,6 such possibility for the human counter-

parts is unknown. The protozoa DHFR and TS are

fused bifunctional enzymes translated from a single

gene. Each monomer of the TS homodimer is cova-

lently attached to one DHFR monomer (Supporting

Information Fig. S1). The negatively charged

H2folate produced by the protozoa TS is channeled

directly to DHFR through a sequence of positively

charged surface residues connecting the two active

sites, a so-called “electrostatic highway”.17–19 The

human DHFR and TS are separate enzymes and

each has its own gene.20,21 However, it has been

reported that the human DHFR and TS are distrib-

uted in the same cellular compartments22,23 and

may even participate in binding in the same meta-

bolic multi-enzyme complex, for example, the repli-

tase complex.24,25 Also, an experimental paper

shows that, in vitro, one human TS dimer binds to

up to six human DHFR monomers.26 Furthermore,

there exists example of surface electrostatic sub-

strate channeling between non-covalently bound pro-

teins in mammals, the porcine citrate synthase and

malate dehydrogenase.27–29 Given the evidence

above, it is possible that some form of substrate

channeling exists between the bound human DHFR

and TS in vivo. In this work, the simplest scenario

of such possibility is explored computationally,

where one human DHFR monomer binds to one

human TS dimer.

Computational work on the protozoa DHFR-TS

bifunctional enzyme substrate channeling has

previously been conducted30,31 where the substrate

channeling efficiency under different ionic strengths

and charge mutations are calculated by Brownian

dynamics methods.32–34 Here, a similar approach is

taken, but since the human DHFR and TS are sepa-

rate proteins, their possible bound-states are first

predicted by protein-protein docking software.35 The

substrate channeling behaviors of these bound-state

structures are then studied by electrostatics and

Brownian dynamics calculations. It is found that

there exist human DHFR-TS bound-states that are

capable of channeling its substrate through surface

electrostatics, and that their substrate channeling

efficiencies can be as high as that of protozoa.

Results

Human DHFR-TS binding poses

The bound-states of the separated human DHFR

and TS proteins are first predicted by the rigid-body

protein-protein docking software ClusPro.36,37 In the

ClusPro run, the top 1000 lowest energy docking

poses of DHFR-TS are grouped into 30 clusters and

the lowest energy poses of each cluster form the

final 30 docking poses (Fig. 1). Twenty-two of the 30

Figure 1. The 30 ClusPro docking poses. The cyan domain

is the human TS dimer (PDB ID: 1HVY). The overlapping

white domains are the ClusPro human DHFR (PDB ID: 1DHF)

docking poses.
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poses are on the top side of TS and 8 are on the bot-

tom side. The “top side” is defined as the side

through which the protozoa DHFR binds to the pro-

tozoa TS. Among the poses on the same side of TS,

no two share similar orientations relative to TS.

The “electrostatic highway”

The main substrate channeling mechanism of the

protozoa DHFR-TSs is the so called “electrostatic

highway.”19 For the discussions in this work, the

“electrostatic highway” is defined as a continuous

region of positive electrostatic potential on the

molecular surface that connects the DHFR and TS

active sites.

In each human DHFR-TS binding pose, the

DHFR active site can take up substrates originated

from either of the two TS active sites and so two dif-

ferent “electrostatic highways” may be formed. 30

ClusPro poses offer 60 DHFR-TS active site pairs.

The “electrostatic highway” is observed in 17 out of

the 60 pairs. And in 1 of the 30 poses, a “highway”

is formed between the DHFR active site and both

of the TS active sites. An example of the

human DHFR-TS “electrostatic highway” is shown

in Fig. 2. It is compared to the well-studied

Figure 2. The human DHFR-TS “electrostatic highway”. In (A1) and (B1), the cyan domain is the TS dimer; the white domain is

DHFR (one monomer in (A1), two monomers in (B1)); the green spheres mark the location of the enzyme active sites. (A2) and

(B2) display the electrostatics of the corresponding proteins in (A1) and (B1) with red and blue being the 21kT=e and 1kT=e

electrostatic potential iso-surfaces; The yellow contours highlight the “electrostatic highways.” The arrows in all four subfigures

indicate the direction of substrate channeling. All of the proteins are displayed 90 degrees sideways compared to the front view

in Fig. 1. The human DHFR and TS structures are the same as those used in Fig. 1; the Leishmania major DHFR-TS structure is

taken from Ref. 19. The docked human DHFR-TS poses are capable of forming “electrostatic highways” for substrate channel-

ing in a similar way to the Leishmania major DHFR-TS, which is a well-demonstrated case.
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Leishmania major “electrostatic highway.”19,30,31

Both “highways” not only connect the DHFR and TS

active sites, but also cover the whole region between

them completely. More illustrations of the

“electrostatic highway” from the 17 DHFR-TS active

site pairs can be found in the Supporting Informa-

tion Fig. S2. The electrostatic potentials in Fig. 2

are calculated by software APBS.38

Channeling efficiency

After observing the “electrostatic highway” in a

number of human DHFR-TS docking poses, the

“highways’” effects on substrate channeling is stud-

ied. Substrate channeling is quantified through the

substrate channeling efficiencies calculated by

Brownian dynamics software BrownDye.34 The sub-

strate channeling efficiency is the percentage of sub-

strates that started off at a TS active site and reach

the DHFR active site by diffusion before escaping

into the bulk solution. In the DHFR-TS system, the

diffusion of the 22e charged substrate is heavily

influenced by the electrostatic potential field exerted

by the proteins. The “electrostatic highway,” which

is a protein surface region with positive electrostatic

potential, guides the diffusion of the substrate by

opposite-charge attractions and achieves the

observed substrate channeling.

Fig. 3(A) shows that the channeling efficiency of

the 22e substrate is statistically significantly higher

when there is an “electrostatic highway” connecting

the DHFR and TS active sites. The channeling effi-

ciency can be as large as 60%, comparable to the

roughly 70% channeling efficiency of Leishmania

major, which is known for its strong substrate chan-

neling, calculated by BrownDye in previous work.31

Fig. 3(B) shows that if the substrate is neutral, the

channeling efficiency distribution for the DHFR-TS

active site pairs connected by “electrostatic high-

ways” (gray) overlaps with the distribution for the

pairs that have no “highway” present (white). The

“electrostatic highway” makes little contribution to

the channeling of neutral substrates.

Discussion
The human DHFR-TS substrate channeling through

“electrostatic highways” is studied with a simple

model of one DHFR bound to one TS. The one-to-one

binding between DHFR and TS is likely not the

exact case in vivo. First, multiple DHFRs may bind

to one TS.26 Second, other proteins may bind to

DHFR and TS, for example those participating in

the DNA synthesis.24,25 Third, the human DHFR

and TS are not guaranteed to bind to each other

(although significant channeling may still occur

since the two proteins are colocalized in the same

cellular compartment39). This study does not aim to

convince the readers that the electrostatic channel-

ing observed here is the catalytic strategy that the

human DHFR and TS use, but rather that the

human DHFR-TS has the capability of electrostatic

substrate channeling if their in vivo binding confor-

mations allow.

Rigid-body protein–protein docking is employed

here with the goal of searching for the possible for-

mation of an “electrostatic highway” in the human

DHFR-TS bound-states. It is only a minor goal of

the docking calculations to predict the correct and

stable binding poses between DHFR and TS.

Figure 3. The influence of the “electrostatic highway” on the

channeling of charged substrates. Among the 60 DHFR-TS

active site pairs from the 30 ClusPro poses, “elec highway”

(gray) represents the 17 pairs with observed “highways”, and

“no elec highway” (white) represents the other 43 pairs. This

plot is a histogram with bin size of 5% and the first bin is

(0%, 5%]. (A) For charged substrates, channeling is signifi-

cantly enhanced by an “electrostatic highway.” B) When the

substrate is neutral, the existence of an “electrostatic high-

way” does not have a noticeable impact on the substrate

channeling efficiency.
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Without higher level calculations, such as molecular

dynamics free energy calculations,40 the ranking of

the stability of a binding pose cannot be conclusive.

Note that the binding pose for the native protozoa

DHFR-TS (Supporting Information Fig. S1(B)) is dif-

ferent from what has been predicted by docking

(Fig. 1). However, if the human DHFR is aligned to

the Leishmania major binding pose by VMD Multi-

Seq,41,42 an “electrostatic highway” is observed (Sup-

porting Information Fig. S3). A likely reason why

ClusPro does not consider the protozoa binding pose

for the human proteins is a lack of steric comple-

mentarity. Leishmania major DHFR and TS each

has about 35 residues on the binding interface while

if the human proteins are docked similarly, there

are only about 10 interface residues from each pro-

tein. This shows the limitation of rigid-body protein–

protein docking because induced conformational

changes could happen upon DHFR-TS binding.

The phrase “electrostatic highway” needs some

clarification because, instead of literally speeding up

the diffusion of the substrate, the “highway” serves

as a “trap” to the oppositely charged substrate, limit-

ing its escape into the bulk. In the Brownian dynam-

ics calculations by BrownDye, the bulk extends to

infinity and the substrate concentration in the bulk

is zero, the chance of the substrate ever returning to

DHFR quickly decreases to effectively zero as it dif-

fuses away from the protein. Assuming the substrate

reacts with the DHFR active site on contact, an

“electrostatic highway” permanently “speeds up” the

reaction by decreasing the number of escaped sub-

strates. On the other hand, in small closed compart-

ments, the “electrostatic highway” will only decrease

the time it takes for the DHFR reaction to reach its

full speed before the equilibrium of the bulk sub-

strate concentration, and will not have a permanent

speed-up of the DHFR reaction. Also, the

“electrostatic highway” in the DHFR-TS system is

itself not directional.30 A directional electrostatic

channeling can theoretically be achieved by a monot-

onically increasing surface density of the charged

amino acids along the path between the two active

sites, but this is not observed for DHFR-TS.

The enzyme specificity constants for the sub-

strates for both of the human DHFR and TS are

between 1 and 10 lM21s21.43,44 However, the rela-

tive reaction rates of the two enzymes do not affect

the results of the BrownDye simulations, because

the BrownDye simulations here observe the channel-

ing efficiency at the initial time point of the DHFR-

TS reaction system way before it reaches equilib-

rium. To be more specific, at the initial moment, the

substrates for TS are just added and the first few

TS products are just produced, the concentrations of

the products of TS in bulk are effectively zero. On

the other hand, if one wants to simulate the concen-

tration profiles of the DHFR and TS substrates and

products over time, different reaction rates of the

two enzymes will lead to different behaviors of the

system.

The BrownDye Brownian dynamics calculations

in this work are set up specifically to study the

effect of electrostatics on substrate channeling; the

calculations consider mainly the electrostatic and

the two-body hydrodynamic forces between the pro-

tein and the substrate. The protein and the sub-

strate are also modeled as rigid bodies. Although

electrostatics has been widely considered to be the

cause of substrate channeling of the protozoa

DHFR-TS,18,19,30,31 the BrownDye results do not

rule out the possibilities of other channeling mecha-

nisms. In fact, in the protozoa system, experiments

have brought up the possibilities for more compli-

cated electrostatic channeling mechanisms, on top of

the simple “electrostatic highway trapping,” or addi-

tional non-electrostatic channeling mechanisms.45,46

Comprehensive mutation experiments on the

charged residues along the electrostatic highway of

the human DHFR-TS are needed and it is hoped

that the type of computational study in this work

can be used to compare to those experiments to test

whether and how mutations can alter the observed

electrostatic restriction of substrate channeling and

diffusion. Tests with molecular dynamics simulations

that are capable of modeling the protein–ligand

interactions more accurately and modeling the flexi-

bility of proteins are also desirable.

In conclusion, with protein–protein docking, it is

found that there exist bound-state conformations of

the human DHFR and TS proteins where a continu-

ous positive surface potential region, an

“electrostatic highway,” connecting the TS and

DHFR active sites is formed. This “electrostatic

highway” is formed in a similar way to what has

been observed in the protozoa DHFR-TS, which are

known for substrate channeling through surface

electrostatics. Brownian dynamics simulations have

further shown that with the “electrostatic highway”

a significantly greater number of negatively charged

substrates are passed from the TS to the DHFR

binding site without escaping into the bulk. The

human DHFR-TS have the capability of electrostatic

substrate channeling if their in vivo binding confor-

mations allow. However, higher level computations

are needed for more thorough analysis and more

convincing evidence on the DHFR-TS electrostatic

substrate channeling hypothesis.

Materials and Methods

Protein structures
The human DHFR and TS structures are taken

from the Protein Data Bank (PDB)47 (PDB IDs

1DHF20 and 1HVY21). Because 1DHF is missing

ligand NADPH, the NADPH binding pose in PDB
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ID 2W3M48 is aligned into the 1DHF structure by

the VMD41 tool MultiSeq.42

The protein PDB structures submitted to the

online docking server are prepared by Maestro Pro-

tein Preparation Wizard,49 and the protonation state

of histidine residues is predicted by program

PROPKA50 embedded in the Protein Preparation

Wizard. Because the docking pose PDB files output

by the protein-protein docking software omit the

hydrogens, program Reduce,51 due to its batch proc-

essing capability, is used to add the hydrogens back

into the docking poses before the following electro-

statics and Brownian dynamics calculations.

Protein–protein docking

Online rigid protein–protein docking server Clu-

sPro36,37 is used to dock one human DHFR monomer

onto one human TS dimer. ClusPro is chosen

because it is the best-performing protein-protein

docking software in CAPRI52 rounds 22 to 27.53,54

All of the docking jobs are submitted using the web

server’s default settings. The 30 ClusPro poses are

scored using their “Balanced” scoring function.

The validity of ClusPro is tested by manually

separating the known protozoa Leishmania major

DHFR-TS structure (obtained from the authors of

Ref. 19) and docking the DHFR back onto the TS.

ClusPro predicts the Leishmania major DHFR and

TS native binding poses correctly. This result is

included in the Supporting Information Fig. S4.

Brownian dynamics
Software BrownDye34 is used to quantify the sub-

strate channeling efficiency of the human DHFR-TS

binding poses. To calculate the channeling efficiency

between a TS active site and a DHFR active site,

BrownDye is set up to run 10,000 Brownian dynam-

ics32 trajectories of substrate H2folate starting at the

TS active site diffusing under the influence of sto-

chastic forces and the hydrodynamic and electro-

static forces between the substrate and the protein.

The substrate channeling efficiency equals to the

number of trajectories where the substrate reacted

with the DHFR active site before escaping into the

bulk over the total number of trajectories, 10,000. A

Brownian dynamics trajectory is terminated on the

first occasion of substrate reaction or escape. Sub-

strate reaction is defined by the substrate diffusing

into a spherical region of radius 12.5Å centered

around the DHFR active site (Supporting Informa-

tion Fig. S5); Substrate escape is defined by the sub-

strate leaving a large spherical boundary in the bulk

solution centered around the protein (Supporting

Information Fig. S6). This “escape sphere” is signifi-

cantly larger than the size of the protein and its

radius is analytically determined.55 More simulation

details can be found in the Supporting Information

Fig. S5 and S6.

Electrostatic calculations

To calculate the electrostatic forces in BrownDye

and to visualize the “electrostatic highway” along

the DHFR-TS surface, the electrostatic potential

field of the DHFR-TS system is needed. The Adapt-

ive Poisson–Boltzmann Solver (APBS) software is

used.38,56 APBS takes in the charges and atomic

radii of a protein and outputs the electrostatic

potential field generated by the protein. The protein

charge and atomic radii used in APBS are taken

from the CHARMM27 force field57 and the protein is

solvated in 0.15M NaCl solution. An example of the

APBS input file is attached in the Supporting Infor-

mation Section S7.
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