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Summary

Biopolymer-scaffold modification is widely used to enhance enzyme catalysis. A central challenge 

is predicting the effects of scaffold position on enzyme properties. Here, we use a computational-

experimental approach to develop a model for the effects of DNA scaffold position on enzyme 

kinetics. Using phosphotriesterase modified with a 20bp dsDNA, we demonstrate that conjugation 

position is as important as the scaffold’s chemistry and structure. Multiscale simulations predict 

the effective substrate concentration increases close to the scaffold, which has μM-strength binding 

to the substrate. Kinetic analysis shows that the effective concentration that the scaffold provides 

is best utilized when positioned next to, but not blocking, the active site. At ~5Å distance between 

scaffold and active site a 7-fold increase in kcat/KM was achieved. A model that accounts for the 

substrate concentration as well PTE-DNA geometry accurately captures the kinetic enhancements, 

enabling prediction of the effect across a range of DNA positions.

eTOC blurb

Biopolymer scaffolds are widely used to enhance enzyme catalysis. Here, we use a computational-

experimental approach to define rules for designing enzyme-DNA complexes with enhanced 

kinetics. Multiscale simulations determined the effective concentration around a DNA scaffold, 

which exhibits μM-affinity binding to the substrate. This concentration profile along with 

structural parameters of the enzyme are used as input to a biophysical model. Experimental kinetic 
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analysis of a series of enzymes with site-specific scaffold conjugation validate the model and the 

predicted kinetic enhancements.

Graphical Abstract

Introduction

A successful strategy to enhance enzyme catalysis is conjugation to a biological or 

synthetic polymer. Typically, these approaches work to maintain a microenvironment around 

the enzyme that is favorable to activity and stabilizes an active enzyme structure, thus 

enabling catalysis at elevated temperatures, in extreme pH, or in non-aqueous solvents 
1–4. Controlling an enzyme’s microenvironment can also enhance reaction kinetics 5–7. For 

example, polymers and other modifications that create a charged environment around or 

near the active site of an enzyme can be used to control substrate specificity through charge-

complementarity, attracting substrates with opposite charge and repelling like-charged 

substrates 8,9. PEGylation, one of the most common enzyme modifications, is often used 

to increase in vivo circulation times for therapeutic proteins and enzymes by protecting 

against protease degradation. Increased catalytic turnover has also been observed with 

PEGylation 10,11, an effect likely due to the creation of a microenvironment favorable to 

reaction kinetics. Similarly, encapsulation in DNA nanostructures or other charged polymers 

can enhance enzyme turnover by providing a microenvironment that maintains an optimal 

pH or solvent conditions favorable to catalysis 12.
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In a similar approach, we have pursued conjugation strategies to enhance enzyme catalysis 

using sequence-defined DNA scaffolds to increase the effective substrate concentration 

around an enzyme. This strategy exploits substrate-scaffold interactions that create a 

local environment with a higher substrate concentration than the bulk solution. The 

result is higher reaction rates than would be achieved if the enzyme was exposed to 

the lower bulk substrate concentration, an effect that is observable by a decrease in the 

apparent Michaelis constant (KM,app) and a corresponding increase in the second order rate 

constant (kcat/KM) of the enzyme-DNA conjugate 13–15. This strategy of controlling an 

enzyme’s effective substrate concentration is also found in nature, where tethered kinase 

substrates increase phosphorylation rates and substrate selectivity 16–18. Synthetic mimics 

of this strategy that tether redox cofactors in close proximity to their enzyme have also 

been successful in increasing the turnover of nicotinamide adenine dinucleotide (NAD+) 

dependent oxidoreductases 19,20. Collectively, these and other examples that provide a 

means of controlling the effective concentration of an enzyme’s substrate represent a new 

approach to engineering enhanced enzyme kinetics.

While engineering stability through conjugation is well understood, design rules explaining 

how to increase enzyme reaction kinetics above wild type levels using conjugation strategies 

are lacking. To better understand the molecular mechanisms of these effects and advance 

conjugation approaches focused on enhancing kinetics, a more fundamental understanding 

of the relationships between the conjugate chemistry, structure, and enzyme kinetics is 

needed. Here, we address this lack of knowledge through a combined computational, 

experimental, and modeling approach (Figure 1), the output of which begins to set design 

rules on how to bring about an increase in effective substrate concentration in an enzyme-

DNA conjugate system, and in doing so, links kinetic enhancements to enzyme-DNA 

features. We do this in the context of a phosphotriesterase-DNA conjugate system (PTE-

DNA) that can catalyze the hydrolysis of organophosphates, including the chemical warfare 

agents VX and Sarin as well as the insecticide paraoxon, use of which is banned in the US 

and other countries 21,22.

Experimental techniques alone often lack the resolution to accurately explain and predict the 

enhancements gained from conjugation. As such, we set out to use molecular simulations to 

study the PTE-DNA system in greater detail and quantify effects that are difficult to assess 

experimentally. Specifically, we use a multiscale approach combining atomistic molecular 

dynamics (MD) and rigid-body Brownian dynamics (BD) simulations to capture detailed 

intermolecular interactions and investigate the concentration gradient of organophosphates 

around the DNA scaffolds used to modify PTE. We support the computational studies by 

experimentally testing the positional effect of a single DNA scaffold on enzyme kinetics, 

and subsequently combine the simulation and experimental data to develop a mechanistic 

model of the effects of the DNA scaffolds and the position of the conjugation on catalysis. 

Our results show that our DNA scaffold modifications to PTE decrease KM through a 

combination of increased effective substrate concentration around the DNA and by enlarging 

the substrate capture radius compared to the unconjugated enzyme.
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Results and Discussion

We previously developed an enzyme-DNA conjugation strategy that exploits interactions 

between a DNA scaffold and the enzyme’s substrate to enhance catalysis by decreasing the 

apparent Michaelis constant, KM. When appropriately designed, catalytic turnover, kcat, is 

not affected and the second order rate constant, kcat/KM is increased via the reduction of 

KM. The central hypothesis is that the conjugated DNA acts as a substrate-binding scaffold, 

transiently tethering the substrate to the enzyme and increasing the effective concentration. 

When applied to PTE and the hydrolysis of organophosphates, we observed an ~11-fold 

decrease in KM; PTE monomers were modified with ~7 DNA scaffolds distributed across 

the surface and with a nucleic acid sequence known to bind the organophosphate paraoxon 

with a Kd of ~1.4 μM 13. We have also produced similar results with the model enzyme 

HRP and an aldo-keto reductase by conjugating 20 bp DNA scaffolds with μM substrate 

binding to a series of different HRP substrates and to an NAD+ cofactor mimic, nicotine 

mononucleotide or NMN+ 14,15. In each case, simulations and experiments show that 

substrate binding may occur in the major and minor groove of the double stranded DNA and 

via intercalation between base pairs, and that binding to a given substrate is DNA sequence-

dependent 23. Here, we take a multiscale computational approach to quantify the increase in 

effective concentration that is possible with such DNA scaffolds. Our approach begins with 

MD- and BD-analysis of the concentration gradient of organophosphate substrates around 

a double stranded DNA scaffold. The two substrates are paraoxon, which exhibits low μM 

binding to DNA, and 2,2-dichlorovinyl dimethyl phosphate (DDVP), which does not bind 

specifically to DNA (predicted Kd of ~1 mM) 13.

Multiscale simulations predict an increase in effective substrate concentration

To better understand the interactions between DNA scaffolds and an enzyme’s substrate, 

we developed a multiscale modeling approach that captures both molecular interactions in 

atomistic detail and large-scale substrate concentration gradients. As shown in Figure 2a, our 

analysis for effective substrate concentration began by first defining 5Å-wide regions around 

a DNA fragment. These were used to quantify the substrate concentration in each region 

during simulations. Classical MD simulations were used to calculate effective substrate 

concentration in the region within 5 Å of the DNA. Detailed intermolecular interactions, 

including solutes, water molecules, and ions, can be modeled explicitly, and therefore 

accurately quantify the local substrate concentration while the substrate is near the DNA. 

When the substrate is further from the DNA, the intermolecular van der Waals (vdW) 

interactions rapidly approach zero and electrostatic attractions are greatly diminished. At 

longer distances, the resulting dynamics are largely Brownian motion; therefore, we used 

BD simulations to calculate the effective substrate concentration for regions beyond 5 Å 

from the DNA 24. When compared to most enzymes at physiological pH, the high negative 

charged density of DNA, (−40 e− overall vs. +1e− for PTE) is significantly more important 

in providing long-ranged electrostatic steering of substrates 25, as such we focused on 

modeling the DNA scaffold and not a PTE-DNA complex. This focus on modeling the 

scaffold and not the conjugate structure also enables a more generalizable model that can 

be readily extended to other enzyme systems. The BD simulations were carried out at 60 

μM to match our experiments; however, using the experimental concentration in MD would 
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result in an intractably large water box. Therefore, a 16 mM substrate concentration was 

used, which included 64 substrate molecules in total for the MD simulations. We ran two 

replicates of each simulation to ensure consistency, but present data from only one set 

of simulations in the main text (Figure 2). Both data sets are available in the supporting 

information (Figure S1).

In the first shell modeled by MD, where both electrostatic and vdW forces were represented, 

paraoxon concentration was higher than that of DDVP and [S]/[S]0 was equal to 3.6 

for paraoxon and 1.0 for DDVP (Figure 2b). In more distant shells modeled by BD, 

both substrates maintained effective concentrations above the bulk (i.e., [S]/[S]0 values 

greater than 1) that gradually decreased with increasing distance. The marginally higher 

effective paraoxon concentration in the third and fourth shells suggested a slightly stronger 

long-ranged electrostatic attraction between DNA and the more polar molecule paraoxon, 

compared with the attractions between DNA and DDVP. Note that substrate molecules 

bound to the DNA were not included in the concentration calculations, as such molecules 

are not available to the enzyme and consequently are not an accurate reflection of the 

effective concentration. Concentration calculations including the bound molecules are 

presented in Figure S1 and show an exaggerated increase in concentration within the first 

shell. We proceed to model the overall effect on KM in later sections using the effective 

concentration shown in Figure 2b.

Transient binding, effective concentration, and substrate catalytic accessibility

The effective substrate concentration produced by the conjugated DNA should be reflected 

in the increased number of substrate molecules available for catalysis. Therefore, we 

calculated the average residence time of the two substrates (both of which carry an overall 

neutral charge) on the DNA in the MD trajectories to ensure that substrates are in close 

proximity to the enzyme and are available for reaction. The residence time was defined as 

the amount of time for which one substrate molecule was within 4.5 Å of the DNA. Average 

residence times for paraoxon and DDVP were 208 ps and 86 ps, respectively. The number 

of distinct substrate-DNA contacts for each substrate was similar, meaning a roughly equal 

number of DDVP and paraoxon molecules encountered the DNA, but paraoxon stayed 

bound to DNA for 2.4 times longer.

In addition to the residence time calculations, we also explored the binding modes of each 

substrate to gain mechanistic insights into intermolecular attractions. We observed that 

paraoxon bound in the DNA minor groove as well as to the terminal DNA bases through pi-

stacking interactions, and at least one paraoxon molecule bound to the major groove before 

intercalating between two base pairs (Figure S2). The intercalated molecule formed a stable 

interaction that lasted ~70 ns, the longest interaction observed in any of our simulations. 

DDVP interactions with DNA were shorter-lived and electrostatic in nature, primarily taking 

place near the highly polar backbone and at the ends of the DNA strand. Overall, the average 

residence times of both substrates were tens to hundreds of picoseconds, much shorter than 

the catalytic rate of PTE, which is on the order of 2000 s−1 (see refs. 13,26). Taken together, 

these simulations are highly supportive of our central hypothesis that a rationally designed 

DNA sequence with micromolar binding to a substrate of interest can increase the effective 
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concentration near the conjugated scaffold, and importantly, increase the available substrate 

molecules for catalysis.

Azido side chain amino acid incorporation enables site specific bioconjugation of DNA 
scaffolds

Given that our simulations predicted that the local concentration of paraoxon is significantly 

increased within a few nm of the DNA scaffold, we sought to test the positional effect of 

the scaffold on catalysis and determine the distance from the active site when catalysis can 

be enhanced. To do so, we used non-canonical amino acid technology to create a series of 

PTE mutants that enabled the bioconjugation of a DNA fragment at defined distances from 

the active site. Specifically, DNA modified with dibenzocyclooctyl (DBCO) was reacted 

with the azido side chain of p-azido-phenylalanine (pAzf) 27. Residue positions D133, K175, 

F149, A78, K294, T352, D160, and A364 were modified to create a series of eight unique 

PTE-DNA constructs each with a different distance between the attached DNA to the active 

site. The mutant positions and distance from DNA to active site, measured based on the 

1HZY PDB structure of PTE, are D133 (2.3 Å), K175 (5.3 Å), F149 (15.7 Å), A78 (19.6 Å), 

K294 (20.1 Å), T352 (22.0 Å), D160 (22.1 Å), and A364 (27.6 Å).

Confirmation that a single DNA scaffold was attached to a PTE mutant is shown in Figure 

S3. A 260 nm spectral peak proportional to the amount of attached DNA is observed with 

conjugation to PTE (see Supporting Information (SI): Experimental Methods), and analysis 

of PTE-DNA K175pAzF revealed that on average 1.1±0.1 DNA fragments were attached to 

each PTE monomer using the click chemistry approach (note, PTE is a functional dimer). 

In comparison, when DNA is conjugated to PTE at every accessible lysine side chain 

via bifunctional sulfo-NHS-ester/maleimide chemistry to thiolated DNA fragments, 7.2±0.7 

scaffolds were attached per monomer. This construct, PTE-DNA7, includes DNA scaffolds 

that are conjugated to PTE at distances that overlap with the range of the distances of the 

singly modified constructs created in this work.

The Michaelis constant, KM, reaches a minimum in close proximity to the enzyme active 
site

With the series of PTE-DNA constructs in-hand, we set out to characterize the effect of 

DNA position on enzyme kinetics. Figure 3 presents both the kinetic analysis of each mutant 

as well as an image of the crystal structure of PTE with the position of the active site 

and incorporated pAzf amino acid indicated; the kinetic curves and images are arranged 

according to the distance between conjugated DNA and the active site increasing in distance 

from the top left to the bottom right with the PTE-DNA7 control construct as the last 

entry of the figure. PTE-DNA7 is notable because the turnover rate (kcat) is unchanged 

in comparison to unmodified PTE (Table 1). Similarly, the kcat values of the PTE-DNA 

constructs are relatively unchanged in comparison to unmodified PTE; only mutations to 

positions 133, 160, and 352 resulted in a significant decrease in kcat. In the case of position 

133, turnover with and without attached DNA was substantially reduced in comparison to 

PTE, likely because the active site was altered with the incorporation of pAzf. Incorporation 

at positions 160 and 352 also decreased kcat, but in these cases the reduction was limited 

to ~10% or less. Given this, we focused on the effect of DNA position on KM using the 
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series of mutants that established a distance range between the DNA scaffold attachment site 

and the enzyme’s active site of 5.3 to 27.6 Å (see SI Methods for details of the distance 

calculations). The kinetic effect of DNA conjugation position can be visually seen in the 

series of kinetic curves for the PTE-DNA complexes (Figure 3). When the DNA is attached 

far from the active site (i.e., A364pAzf; 27.6 Å) the kinetic curves and parameters (kcat and 

KM) of the modified and unmodified PTE mutants are identical. As the distance between 

the DNA scaffold and the active site decreases, the PTE-DNA kinetic curve shifts leftward, 

rates at lower substrate concentrations are increased, and the KM parameter is reduced. At 

5.3 Å distance (attachment at position 175), KM is reduced by 7.1-fold, an enhancement 

that is well-matched with that achieved with PTE-DNA7, which contains a scaffold at 

the same position. At longer distances, a reduction in KM was also observed: at 15.7 Å 

(position 149), the DNA scaffold reduced KM by 4.4-fold; at distances between 19.6 and 

22.1 Å (positions 78, 160, and 352) the enhancement ranged between 2.1- and 2.2-fold. One 

exception in this range is position 294, which is 20.1 Å from the active site; conjugation 

here only decreased KM by ~30%. Lastly, at 27.6 Å (position 364) the enhancement was not 

statistically significant.

To verify that the enhancement in KM was a result of the paraoxon-DNA interactions and 

the predicted increase in effective concentration that resulted from these interactions, we 

repeated the kinetic analysis with the non-binding control substrate DDVP (Figure S4 and 

Table S1). Mutation to D133, the closest conjugation site at 2.3 Å distance, was again 

detrimental on kinetics, but the effect with DDVP as a substrate was more pronounced 

in KM, which increased 5-fold in the presence of a DNA scaffold. Attachment to the 

K175pAzF mutant, which is 5.3 Å from the active site and enhanced paraoxon binding 

by 7.1-fold, did not have an effect on the hydrolysis of DDVP, likely due to the lack of 

DDVP-DNA interactions and absence of an increased effective substrate concentration. As 

expected, conjugation to position 364 showed no significant changes in reaction kinetics 

with DDVP or with paraoxon, as the conjugation position is too far from the active site 

to affect the local substrate concentration. Additional evidence for the increased effective 

concentration effect on PTE kinetics was acquired through a series of activity assays with 

increasing viscosity. When enzyme activity is wholly or partially diffusion limited, such 

assays can be used to determine the substrate on-rate, k1 13,15,28. This on-rate analysis 

revealed that decreases in KM due to the attachment of a DNA scaffold were accompanied 

by an increase in paraoxon on-rate, and that in the absence of a change in KM, DDVP and 

paraoxon on-rates were unchanged in comparison to unmodified PTE (Figure S4).

Modeling the substrate capture radius enables prediction of KM enhancements

To help render our kinetic analyses into a more fundamental understanding of how the 

position of a conjugated scaffold can affect enzyme catalysis, we set out to develop a 

biophysical model to predict the fold enhancement of KM achieved for any conjugation 

site. The model begins with a definition of KM, where KM is inversely proportional to the 

enzyme-substrate association rate, kon, and can be expressed as

KM = koff + kcat
kon

(1)
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Where kcat is the catalytic turnover rate, koff is the rate of dissociation, and kon is the 

substrate association rate. Since turnover is largely unaffected by conjugation of the DNA 

scaffold (see Table 1), we make the assumption that koff is also unchanged. Given this, 

changes in KM are dependent on kon (or k1), and a model that captures changes to the 

on-rate should enable the prediction of KM after conjugation (KM,app). The multiscale 

simulations (Figure 2) and kinetic analysis of PTE-DNA constructs with various conjugation 

sites suggest a direct proportionality between the effective substrate concentration, [S]/[S]0, 

and the enhancement in KM, which can be expressed as

KM
KM, app

∝ [S]
[S]0

(2)

Such a relationship is also observed when enzymes are immobilized on a charged support 

that creates a substrate concentration gradient from the bulk to the surface 29. While 

this intuitive relationship is observed with our simulation data, it is not the only factor 

contributing to the enhancement in KM. This can be seen in Figure 4, in which the 

curve representing the effective concentration lags behind the experimentally measured 

KM enhancements. The physical presence of the attached DNA scaffold is also likely 

to contribute to the effect as it can act as an extension of the enzyme, increasing the 

substrate capture radius of the PTE-DNA complex relative to unmodified PTE. The standard 

kinetic theory for collisions per unit time, α, between to molecules experiencing attractive 

intermolecular forces is

α = 4πCD
∫r0

∞ 1
r2e

−U(r)
kT

= 4πCDr*
(3)

The collision rate depends on C, the substrate concentration; D, the relative diffusion 

coefficient of the molecules; and the length r, the sum of the radii of the two molecules. The 

radius r* is the larger effective radius after accounting for intermolecular attraction 30,31. 

Here, we model the effect of DNA conjugation as an increase in r* since the DNA strand 

acts as a lure for substrate both energetically and sterically. The energetic contribution to the 

molecular collision rate is already accounted for in the substrate distribution quantified by 

the simulations; that is, it can be thought of as an increase in C in equation (3). Next, we can 

relate the ratio of the capture radius of the DNA-modified enzyme to that of the unmodified 

enzyme as

rPTE + DNA
rPTE

(4)

where rPTE is the radius of gyration of the PTE enzyme and rPTE+DNA is the sum of rPTE and 

rDNA. Since the DNA is a very elongated molecule, equation (5) can be used to estimate its 

effective radius rDNA as
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rDNA = a
ln2a

b
(5)

where a and b are the major and minor semiaxes 31. However, simply accounting for the 

linear extension of the DNA is not adequate. As the conjugation site becomes more distant 

from the enzyme active site, the angle between DNA and the active site grows, and the 

efficiency of substrate shuttling to the active site diminishes. This “offset angle” (θDNA) is 

defined as the angle between a vector from the enzyme center to the active site catalytic 

residues and a vector from the enzyme center to the conjugation site (Figure S5). The overall 

effect of the conjugated DNA, γ, is then modeled as

γ = 1 + π − θDNA
π

rPTE + DNA
rPTE

− 1 (6)

In the parameter γ, θDNA is allowed to cover the range of π radians, or 180 degrees. When 

θDNA is 0, the enlargement of the active site due to DNA conjugation can be fully exploited. 

When θDNA is π radians, the effective extension from DNA conjugation is zero since the 

DNA is too far from the active site to increase the flow of substrate there. Altogether, the 

fold decrease in KM can then be predicted as

KM
KM, app

= [S]
[S]0

γ (7)

As shown in Figure 4, the substrate-capture window model described by equations (6) 

and (7) is in good agreement with our experiments and yields an obvious improvement 

over measurement of [S]/[S]0 alone (see SI and Figure S6 for example calculations and 

full details). The model matches the non-linear increase in KM enhancement when the 

distance between the scaffold conjugation site and the active site is less than ~20 Å. There 

is also good agreement with the experimental results at longer distances, suggesting that 

the combination of distance- and angle-dependence is needed to explain the effect, and 

that the substrate concentration around the scaffold alone is insufficient to explain the 

observed experimental results. One exception to this trend is position 294, which resulted 

in only a minimal decrease in KM while other positions at similar distances resulted in 

~2-fold enhancement. We recognize that enzyme surfaces may possess energetic channels 

that efficiently shuttle substrates to the active site via surface diffusion. Conversely, they 

may possess attractive regions that sequester substrate, preventing diffusion to the active 

site. Both of these effects could explain deviations from the model as they are not explicitly 

accounted for. We also note that the largest discrepancy between the model and experiment 

occurs with modification at position D133. Conjugation here significantly disrupted catalytic 

activity, likely due to blocking of the active site due to the presence of the DNA, which was 

only 2.3 Å from the opening of the active site (Figure S7). With a radius of 8–10 Å (small 

axis), DNA overlapped considerably with the catalytic site (Figure S8). We also note that the 

incorporation of pAzF in this position decreased kinetics.
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Overall, these results show that the KM enhancement is not entirely explained by local 

substrate concentration increase, and that structural features of the conjugated complex also 

play a role. Our model demonstrates this effect by taking into account three structural 

features encapsulated in the parameter γ. These include the size of the enzyme, size of the 

scaffold (in our case a 20 bp DNA fragment), and the attachment position, all of which 

can be determined given a crystal structure (or accurate homology model) of the enzyme, 

an approximate model of the scaffold structure, and knowledge of the conjugation site. 

The second critical parameter is the effective substrate concentration ([S]/[S]o), which is 

a function of the strength of the substrate-scaffold interactions. Here, we use a multiscale 

approach that is suitable for many other substrates and scaffolds. Alternatively, solely BD-

based or other modeling approaches could potentially be used to generate a reasonable 

approximation of [S]/[S]o as a function of distance from the selected scaffold. Using the 

PTE-DNA systems as an example, we show how experimental analyses combined with 

simple computational techniques can help explain and predict catalytic enhancement in 

enzyme-scaffold conjugates.

Enzyme activity can be enhanced through a wide range of bioconjugation strategies 

that create enzyme-scaffold complexes with controlled microenvironments. In this work, 

we show that computationally guided enzyme-scaffold design can result in predictable 

enhancements in an enzyme’s Michaelis constant, KM, and increase the second order rate 

constant kcat/KM. A rationally designed DNA covalently attached to the enzyme PTE attracts 

the desired substrate (paraoxon) increasing the effective substrate concentration around the 

enzyme, an effect that results in a substantial decrease in KM, an increase in substrate 

on-rate, k1, and maintains the high catalytic turnover of the unmodified enzyme. The 

multiscale simulations combining MD and BD simulations showed that the increase in 

substrate concentration near the DNA scaffold is due to both electrostatic attraction and 

short-range vdW forces and allowed the concentration gradient around the scaffold to be 

quantified. Using site selective conjugation, we created a series of PTE-DNA complexes that 

differ in the distance and angle between conjugated DNA scaffold and the enzyme’s active 

site, and in doing so were able to experimentally determine the effect of scaffold position on 

enzyme kinetics. Based on the experimental and computational results, we develop a model 

that predicts KM enhancements based on the position of the conjugated scaffold; conjugation 

in close proximity to the active site without sterically blocking access achieved the greatest 

enhancement in enzyme kinetics, a 7.1-fold decrease in KM. The model, along with the 

experimental and computational results, represent a new design approach to enhancing 

enzyme catalysis through controlled microenvironments where conjugated scaffolds are used 

to increase the effective substrate concentration of an enzyme. While this work and the 

resulting design principles were developed using PTE modified with a DNA scaffold, we 

anticipate that this approach can be used to design enhanced catalysis with other enzyme-

scaffold bioconjugates, of which there are many examples that have binding properties to 

substrates of interest.
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Experimental Procedures

Resource Availability

Lead Contact—Further information and requests for resources and reagents should be 

directed to and will be fulfilled by the Lead Contact, Ian Wheeldon (wheeldon@ucr.edu).

Materials Availability—No new reagents are synthesized in this study.

Data and Code Availability—This study did not generate/analyze datasets/code.

Materials and Methods

See Supporting Information for Computational and Experimental Materials and Methods, 

including molecular dynamics simulations; brownian dynamics simulations; radial 

distribution of paraoxon and DDVP around DNA; calculation of paraoxon and DDVP 

residence time on DNA, and experimental methods including PTE cloning, expression and 

purification; incorporation of, and click-chemistry with p-azido-phenylalanine (pAzF); PTE-

DNA conjugation by bifunctional sulfo-NHS-ester/maleimide chemistry; UV-vis analysis 

of PTE:DNA complexes; PTE and PTE-DNA kinetic analysis; Electrophoretic analysis of 

pAzf incorporation into PTE; calculation of model parameters; and example calculation of 

predicted KM enhancement.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Bigger Picture

Conjugation of molecular scaffolds to enzymes has begun to replace enzyme 

immobilization on solid supports. These new DNA, protein, and polymer scaffolds can 

provide nanoscale-level precision in terms of their chemistry and physical structure and 

are used to create stable enzyme particles of a desired size, shape, and activity. Here, 

we use multiscale modeling and experiments to define design rules for the creation of 

enzyme-DNA complexes with enhanced kinetics. We show that changes in an enzyme’s 

chemical and physical microenvironment created by the conjugated DNA can alter 

enzyme kinetics in a controllable manner. In doing so, we show that conjugation position 

should be given as much attention in enzyme engineering as the chemistry and structure 

of the scaffold itself.
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Highlights

1. Predictive design of enhanced kinetics in DNA modified phosphotriesterase

2. Multiscale simulations quantify the effective substrate concentration around 

DNA

3. Site selective scaffold conjugation validates predictive model outputs.
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Figure 1. A multiscale computational and experimental approach to understanding the 
positional effects of DNA scaffolds on enzyme kinetics.
(a) Rationally designed DNA scaffolds can bind the organophosphates in a sequence-

dependent manner. Paraoxon, the model compound used here, binds with low μM affinity, 

while 2,2-dichlorovinyl dimethyl phosphate (DDVP) does not interact strongly with DNA. 

(b) Multiscale simulations are used to predict the effective substrate concentration around a 

DNA scaffold. MD refers to molecular dynamic simulations, while BD refers to Brownian 

dynamic simulations. (c) Non-natural amino acid chemistry is used to position DNA 

scaffolds at defined positions on the enzyme phosphotriesterase (PTE). Conjugation by click 

chemistry is facilitated by dibenzocyclooctyl (DBCO) modified DNA and the azido side 

chain of an incorporated p-azido-phenylalanine (pAzF) residue.
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Figure 2. Multiscale modeling of the effective concentration around DNA scaffolds.
(a) A screenshot of a molecular dynamics simulation featuring paraoxon (dark blue) 

around a length of double-stranded DNA containing salt (purple). The effective substrate 

concentration in concentric shells enclosing the DNA (green) was calculated by averaging 

substrate concentrations in 5 Å thick cylindrical shell across the simulation time. The 

shells extend outward from the DNA to 100 Å; only the first four shells are depicted here 

for clarity. The concentration up to 5 Å from DNA (yellow shell) was quantified using 

MD simulations; the concentration beyond 5 Å was quantified using BD simulations. (b) 

Paraoxon and DDVP effective concentration curves after combining MD data from the first 

shell with BD data for all other shells.
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Figure 3. The effect of DNA position on PTE kinetics.
Kinetic analysis and the crystal structure of PTE is shown for each PTEpAzF mutant with 

(solid line) and without (dashed line) the conjugation of one or more DNA scaffolds. The 

image of each crystal structure (gray mesh) has been modified to show the position of 

pAzF incorporation (colored residues) and the active site (black with residue side chains 

shown). Distance between the conjugation and active sites is stated for each mutant. DNA 

fragments are not shown for clarity. (Bottom, Right) PTE and PTE modified with ~7 DNA 

scaffolds per PTE monomer conjugated to free lysine groups by NHS-conjugation chemistry 

is shown as a comparison to the single DNA modifications achieved with the site-specific 

incorporation of pAzF.
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Figure 4. Mechanistic modeling captures the position-dependent kinetic enhancements of PTE-
DNA conjugates.
Left y-axis: Experimental (circle) and model predicted (triangle) of KM enhancement for 

paraoxon hydrolysis by DNA modified PTE. Right y-axis: Effective substrate concentration, 

[S]/[S]0, predicted by multiscale simulations.
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Table 1.

Kinetic parameters of PTE-DNA and PTE mutants.

PTE Mutants Distance (Å)

PTE PTE-DNA1

kcat (s−1) KM (μM) kcat (s−1) KM,app (μM)

D133pAzF 2.3 612±39 **** 61±10 ns 730±38 **** 14±3 ****

K175pAzF 5.3 2175±120 ns 78±12 ns 2180±35 ns 11±3 ****

F149pAzF 15.7 2030±120 ns 74±14 ns 2110±58 ns 19±2 ****

A78pAzF 19.6 2210±143 ns 74±12 ns 2210±117 ns 34±6 ****

K294pAzF 20.1 2140±172 ns 71±14 ns 2240±113 ns 55±10 ***

T352pAzF 22.0 1950±146 ** 70±13 ns 1963±164 ** 34±9 ****

D160pAzF 22.1 1990±143 * 93±16 * 1980±110 ** 42±7 ****

A364pAzF 27.6 2350±163 ns 78±15 ns 2070±151 ns 69±13 ns

PTE - 2185±122 73±10 - -

PTE-DNA7 - - - 2198±143 11±3.1

Statistical significance in comparison to PTE in the absence of DNA conjugation is stated with “ns” indicating a p value> 0.05 (not significant)

*
is 0.01≤p<0.05

**
0.001≤p<0.01

***
is 0.0001≤p<0.001, and

****
is p<0.0001.

Data are mean ± standard deviation.
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