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Abstract of the Dissertation

Molecular Mechanical Properties of Short Sequence Peptide Enzyme Mimics

by

Tsukasa Takahashi
Doctor of Philosophy in Engineering Sciences (Mechanical Engineering)
University of California, San Diego, 2015

Professor Michael J. Heller, Chair

Creation of synthetic structures with an enzyme-like mechanism and turnover
remains a significant challenge. In this study, peptides containing a cysteine thiol and
histidine imidazole group were designed to mimic the active site of the cysteine protease
papain. Ellman’s reagent trapping experiments showed that rapid acetyl group exchange
exists between the thiol and imidazole groups. This exchange rate increased significantly

in peptides with bulky R-groups (phenylalanine) between the cysteine and histidine. A

XVii



reduction of the cysteine thiol pKa and NMR results further support closer proximity of
the thiol and imidazole groups in peptides with faster acetyl group exchange. We have
also used NAMD and VMD simulation to determine the distance between these catalytic
groups and the overall mechanical flexibility of the peptides. We found important
correlations between the Cys-His distance deviation, which determines the flexibility
between the two molecules, and its relationship to the deacylation rate. We found that
generally, shorter Cys-His distance deviations allow for a higher deacylation rate constant,
meaning that greater confinement of the two residues will allow a higher frequency of the
acetyl exchange between the cysteine thiol and histidine imidazole R-groups. This may
be the key to future design of peptide structures with molecular mechanical properties
that lead to viable enzyme mimics. End of this study include our initial attempts in
stabilizing the peptides with the use of nanoparticles, micelles, and functionalized
surfaces. We have also shown our initial concept which utilizes electric field in order to
control the negatively charged cysteine thiol and the positively charged histidine
imidazole to achieve a truly mechanically controlled molecular system to produce
catalytic effects. Although much work needs to be done, our preliminary results show

promise in the growth of new techniques that can be built upon in the future.
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Introduction

1.1 Enzyme Mimetics

Of all the macromolecules in living organisms, enzymes represent those that are
the most complicated in terms of mechanistic properties. Enzymes are able to catalyze the
transformation of all other biomolecules, providing the dynamics and very essence of life.
In this era of nanotechnology, enzymes can aptly be considered bio-nanomachines that do
chemistry. These bio-nanomachines catalyze reactions with high specificity and
enormous rate accelerations; some producing millions of turnovers per second.

Over the last several decades, considerable efforts have been made to create
synthetic versions of enzymes, which are sometimes called synzymes, chemzymes, or
nanozymes(1-4). Although, some progress has been made with enzyme mimics, most
attempts have failed, and the few successes exhibit only marginally catalytic properties.
A few examples include supramolecular structures (e.g. cyclodextrins), polypeptides,

metal complexes, and nanoparticles and nanostructures, which have become of more



interest in the past decade(5-18). Computational models have become a basis for
understanding and designing chemical structures that mimic enzymes as well as for
optimizing existing enzymes for specific reactions. Increasingly popular method
combining the known structures of the enzyme and computational modeling techniques
are the evolutionary approach to improve the existing enzyme. In short, directed
evolution is a method in which existing proteins or structures are allowed to mutate
through natural evolutionary processes while being screened for improvements in one or
more properties(19-24). Despite these efforts in enzyme mimics, only mild success has

been recorded even in the most recent studies.

1.2 Cysteine Protease Mechanism

When creating an enzyme, the most direct approach is to mimic the amino acid
structure of the enzyme. Although exact amino acid sequence and the protein structures
of existing enzymes are known, recreating the secondary, tertiary, and quaternary
structure is virtually impossible mainly due to the completely different environment the
synthetic enzymes are created. Instead of recreating the entire amino acid structure, the
common approach taken is the use of the critical amino acids used in the enzyme. The
main site that is responsible for enzyme proteolytic activity is known as the catalytic triad.
Its ubiquitous occurrences in many enzymes emphasize the importance of this structural
motif and side group interactions. In particular, the catalytic triad of the cysteine protease
papain consists of Cys-25, His-159, and Asp-175, while serine protease chymotrypsin
contains Ser-195, His-57, and Asp-102. Figure 1 shows papain and its catalytic triad.

Figure 2 shows the mechanism of chymotrypsin which consists of its catalytic site



creating a pocket and cleaving the substrate in a machine-like manner. The nature of
these enzymes’ three dimensional structure and mechanical movement are attributed to
the precise location of their catalytic groups. In their native condition during catalysis, the
imidazole of histidine is neutral, and the thiol or hydroxyl group initiates the reaction by
launching a nucleophilic attack on the substrate. Histidine, being zwitterionic, accepts a
proton from the nucleophile, forming an intermediate complex, and then transfers the
bound substrate away, restoring the enzyme to its original state. Although there have
been several mechanisms proposed for this process, the cooperating triad structure has
remained consistent(25-36).

His 159
Cys 25

Papain — Cysteine Protease Papain — Catalytic Triad

Figure 1: Structure of papain (left) and its catalytic sites (right).
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Figure 2: Chymotrypsin mechanism.

1.3 Studies on enzyme mimics using amino acid structures

In early work on synzymes, Heller et al. designed and synthesized cysteine and
histidine peptides that were intended to mimic the catalytic site of papain(30). While no
significant turnover was observed, there was evidence that a reversible intramolecular
transfer of the acetyl group was occurring between the cysteine thiol and histidine
imidazole groups, where the equilibria favor the acetyl-thiol intermediate as shown in
Figure 4. Such results suggest that if the back-attack by the cysteine thiol could be
prevented, subsequent hydrolysis of the acyl-imidazole intermediate would produce a
leaving group mechanism that leads to turnover. This is because the acetyl-imidazole

intermediate is more than two orders of magnitude more labile to hydrolysis than the



acetyl-thiol intermediate. While the formation of a covalent acyl-imidazole intermediate
is not believed to be part of the actual papain or chymotrypsin reaction mechanisms,
enzymes do overcome similar back-attack reactions and do exhibit distinct mechanical
movements. Indeed, evidence exists for major dynamic movement of the histidine
imidazole group in chymotrypsin catalysis(28, 29). More recently, Kisailus et al.
designed and synthesized nanostructures as mimics for the catalytic site of the hydrolase
enzyme silicatein, which has a serine and histidine at its active site. In this work, aliphatic
hydroxyl and imidazole groups were placed in parallel arrangements on a gold surface as
shown in Figure 3. The interface between chemically distinct monolayers provided
juxtaposition of nucleophilic (hydroxyl) and hydrogen-bonding (imidazole) groups. Such
arrangements should have the potential to catalyze the hydrolysis of a gallium oxide
precursor, and template the condensed product formation of gallium oxohydroxide

(GaOOH) and gamma-gallium oxide (-Ga,03)(12).



A B OH-Terminated SAM

OH-Terminated SAM I

.

Imidazole
Terminated

Figure 3: Schematic of the self-assembled monolayer done by Morse et. al.(12)

While this study demonstrates a form of template-based heterogeneous catalysis, which is
different from homogeneous ester and amide hydrolysis, it again shows the importance of
the imidazole group in performing hydrolysis reactions. The study also demonstrates a
new role that nanotechnology may ultimately play in the development of viable synthetic
catalysts. Several other enzyme-like nanostructures derived from short-sequence peptides
have now also been studied that show further promise for peptide-based catalysts(37).
The goal of our study was to further investigate the acetylation and deacylation
mechanism in new peptide constructs where the cysteine thiol and histidine imidazole

groups are in close proximity. The peptides also contained aspartate, which provided a



carboxyl group in the vicinity of the histidine imidazole. A better understanding of the
dynamics of these catalytic groups in the acyl exchange mechanism is of key importance
to the further development of viable synzymes which can produce turnover.

TE=N N ._,-!'ﬁ' N==N,

NH Q o= s NH O o
= e — = - Fa
S o Acylation <3 L} 2‘0 _/
COo0- coo- -k'.r:—
Original Peptide Acyl-Thiol Intermediate
+ Acetate Deacylation
or
Phenol l Acetyl
| Exchange
c” o7 o o
Acetch:rhvdrlde y :H,LHHN_;__\NH o m:';\NH o
. . - i
O\T.«i' { (L“\*/ E © Deacylation (H Lj E o
C«Q“/©/ o coo- :1 cog-
! Acyl-Imidazole Fal Original Peptide
p-Nitrophenol Acetate Intermediate o==
Substrates

Figure 4: Scheme showing the peptide acetylation and deacylation process. The quick acetyl group
exchange between the thiol and imidazole prevents turnover (30, 37)(30, 37).

After the initial acylation of the substrates, acyl-thiol and acyl-imidazole intermediates
exchange the acetyl group. This prevents the final deacylation step to occur. Our goal is
to design and test synthetic enzymes that begin to mimic the acetylation and deacylation
mechanism of the cysteine proteases by using short-sequence peptides that contain the
main entities of the protease reaction site. In addition, we have incorporated initial studies
using nanoparticles, nano-structures, and surfaces that allow us to control the catalytic

groups with higher precision.

1.4 Techniques in this study
The enzyme activity was measured by reacting the substrate with the enzyme and

measuring the hydrolysis rate of the substrate. The substrates can hydrolyze on their own



at certain pH, temperature, or ionic content in the buffer. All substrates have different rate
of hydrolysis due to their molecular nature. For example, p-nitrophenol acetate was often
used since they have a very fast and controlled rate of hydrolysis that can be measured
simply by taking measurements on the UV-Vis spectrophotometer. These substrate
reactions are measured over time in a UV-Vis spectrophotometer or a fluorometer
depending on their activity upon hydrolysis.

Adding peptides with the catalytic groups to these substrates is the simplest form
of catalysis. In general, there are two basic modes of peptide-substrate catalysis.
Homogeneous catalysis requires the catalytic molecules to be suspended in solution.
Heterogeneous catalysis requires the catalytic molecules to be attached to a surface. We
will be looking at both cases in our study. Especially for the electric field studies, the
requirement of heterogeneous structures becomes critical due to the directional nature of
electric field.

Largely, we have two methods of studying our enzyme: acetylation and
deacylation. The former allows us to measure the actual turnover rate of the enzyme since
it requires that the enzymes return to its original form in order for them to produce
repeated acetylation reactions. The latter, deacylation rate is often measured in our
studies to characterize the transfer rate of the acetyl group from the thiol to the imidazole
group. Although the acetyl transfer rate is not exactly synonymous as the deacylation rate,
they are numerically close since blocking of the thiol group with the Ellman’s Reagent

allows the deacylation to occur once the acyl-imidazole forms.



2

Homogeneous Peptide Catalysis

In this chapter, peptides were tested in a homogeneous solution where they
reacted freely with the substrates. They were tested without any further conjugation or

attachment to any surface.
1.1 Methods

1.1.1 Peptides Studied

Listed in Table 1 are the nine peptides used in this study (95% purity verified by
HPLC from Genscript). The peptides were combinations of cysteine (sulfhydryl/thiol),
serine (hydroxyl), histidine (imidazole) and aspartate (carboxyl), along with seven other
amino acids which included alanine, phenylalanine, glycine, arginine, lysine, asparagine,
and proline. Peptide 1 consisted of a cysteine and serine but excludes the histidine, which
leads to the loss of the acetyl-transfer effect. Peptide 2 contains a cysteine, histidine and
aspartate, and produces some acetyl group transfer. Peptides 3 and 4 are variations of

Peptides 1 and 2, respectively, with an arginine at the c-terminus introducing a positively
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charged group. Peptides 5 and 6 are further variations of Peptide 4, with phenylalanines
adjacent to cysteine to provide a bending of the peptide backbone structure to produce a
closer proximity of cysteine thiol and histidine imidazole groups (Figure). Peptide 7 has
the cysteine and histidine in reverse order and examines the effects of arginine on
aspartate. Peptide 8 acts as a control for Peptide 7 by replacing the histidine with
asparagine, which lacks reactivity for acetyl group exchange. Peptide 9 is composed of
fourteen amino acids, and incorporates two extra histidines and a proline that produces
further bending of the backbone (Figure 5). All nine peptides have their n-terminus
acetylated in order to avoid nonspecific nucleophilic reaction by the a-amino group.
Peptides 14, 16, and 18 vary by the addition of Phe and Gly-Phe between Lys-Cys,
respectively. Peptides 15, 17, and 19 are the equivalents of Peptides 14, 16, and 18 with
the addition of Gly-Asp at the c-terminus. These enzymes were designed to find the
effects of chain length and the addition of aspartate next to the histidine on the c-terminus.
Figure 5 shows Peptides 14 through 19 with color-coded cysteine and histidine. Peptides

2,4,5,6,7,9, and 14 through 19 were also used for the molecular dynamic simulation.
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Peptide 6

Peptide 9

His

Figure 5:

Figure 6: Peptides a) 14, b) 15, c) 16, d) 17 e) 18, f) 19 with cysteine and histidine labelled in orange
and blue respectively.
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Table 1: List of Controls and Peptides 1 through 19.

Name

Control 1
Control 2
Control 3
Control 4
Control 5
Control 6

Peptide 1
Peptide 2
Peptide 3
Peptide 4
Peptide 5
Peptide 6
Peptide 7
Peptide 8
Peptide 9
Peptide 14
Peptide 15
Peptide 16
Peptide 17
Peptide 18
Peptide 19

Compound/Sequence

p-Nitrophenyl acetate (obNPA)

Acetic Anhydride (AA)

n-Acetyl I-Cysteine

n-Acetyl I-Histidine

n-Acetyl I-Cysteine + n-Acetyl I-Histidine
n-Acetyl |-Cysteine + n-Acetyl I-Histidine + n-Acetyl I-Lysine
(ACAHAL)
Ac-Gly-Gly-Ala-Ala-Cys-Ala-Ser-Ala-Asp
Ac-Gly-Gly-Ala-Ala-Cys-Ala-His-Ala-Asp
Ac-Arg-Gly-Ala-Ala-Cys-Ala-Ser-Ala-Asp
Ac-Arg-Gly-Ala-Ala-Cys-Ala-His-Ala-Asp
Ac-Arg-Gly-Ala-Phe-Cys-Phe-His-Ala-Asp
Ac-Lys-Gly-Ala-Phe-Cys-Phe-His-Ala-Asp
Ac-Arg-Asp-Phe-His-Phe-Cys-Ala-Gly-Asp
Ac-Arg-Asp-Phe-Asn-Phe-Cys-Ala-Gly-Asp
Ac-Arg-Gly-Gly-His-Phe-Cys-Gly-Pro-Gly-His-Gly-His-Gly-Asp
Ac-Lys-Cys-Phe-His
Ac-Lys-Cys-Phe-His-Phe-Asp
Ac-Lys-Phe-Cys-Phe-His
Ac-Lys-Phe-Cys-Phe-His-Phe-Asp
Ac-Lys-Gly-Phe-Cys-Phe-His
Ac-Lys-Gly-Phe-Cys-Phe-His-Phe-Asp

Each of the peptides was reacted with the substrate p-nitrophenyl acetate (pNPA) or

acetylated by acetic anhydride and the corresponding acylation/deacylation rate constants

were calculated.

1.1.2 Acetylation

Peptides 14 through 19 were initially diluted to approximately 10 mM in DI water.

The concentrations of the peptides were checked by measuring the total amount of

cysteine using the Ellman’s Reagent and comparing the 10 mM n-acetyl I-cysteine

absorbance values at 412 nm. The substrate p-nitrophenyl acetate (pNPA) was diluted in

ethanol, also to 10 mM. Each peptide was further diluted in 0.1 M Tris-Borate (TB)
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buffer, pH 8.5, and then the pNPA was added to start the reaction. The reaction was
carried out at 20 °C for 30 minutes. The reaction concentration for both peptide and
substrate was 100 uM in a final volume of 600 pL. The peptide reaction rates were
determined along with Controls 1 and 2 — each substrate for acetylation and deacylation
alone, Control 3 — 100 uM of n-acetyl I-cysteine (AC), Controls 4 — n-acetyl I-histidine
(AH), Control 5 — Combination of Controls 3 and 4, and Control 6 — Control 5 with the
addition of n-acetyl I-lysine (AL). The absorbance of the cleaved p-nitrophenol was
measured at 400 nm with a Perkin Elmer UV-Vis Lambda 800 during the 20-minute
reaction time. The reaction scheme is shown in Figure 7. The second-order rate constants
for the acetylation process were determined from the initial rates according to the
equation:

initial rate — spontaneous rate
0=

[catalyst][substrate]

where the spontaneous rate is the hydrolysis rate of pNPA.

IV N s /=N
o I o=( HN Q
o . W\ o + O§N o] —v) s = o
<\ | <
COO0- p-Nitrophenol Acetate p-Nitrophenol COO0-
Synzyme Abs = 400nm Acylated Synzyme

Figure 7: Scheme of acetylation rate experiment using p-nitrophenol acetate.

For Peptides 6, 18 and 19, additional acetylation experiments were performed at
five pH values in 0.1x TB buffer and four times the original substrate concentration of 2
mM. This test was performed in order to see the effect of the imidazole changing on the

pKa of the neighboring cysteine thiol. The cysteine thiol (pKa = 8.14) is normally 10%
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deprotonated at pH 7.2; 25% at pH 7.74; 50% at pH 8.14; 75% at pH 8.67, and 90% at

pH 9.13.

1.1.3 Deacylation & Ellman’s Reagent Trapping

All peptides and controls were acetylated with a 15-fold excess of acetic
anhydride (AA) injected as a 10% by volume solution in acetonitrile. The acetylation of
the imidazole and the thiol groups of the peptides was observed for 20 minutes at 270 nm
and 235 nm, respectively, to ensure the completion of the reaction. Subsequently,
deacylation by trapping was examined by adding Ellman’s reagent (5,5'-dithiobis-(2-
nitrobenzoic acid)) at four times the concentration of the peptides and the controls. The
scheme is shown in Figure 8. Ellman’s reagent irreversibly alkylates the free thiol anion
when the acetyl group transfers from the thiol to the imidazole. This trapping reaction
prevents back-attack by the thiol group, allowing the acetyl-imidazole group to deacylate.
The deacylation of the acetyl-imidazole correlates with increase in absorbance of the
cleaved Ellman’s reagent (2-nitro-5-thiobenzoate) at 412 nm. A first-order rate constant
for the deacylation process was determined with the initial rate according to the equation:

initial rate
a =

[catalyst]

?}J . oo
CH 0 Ho 0 HO o
TN |- Ellman’s
0= BN Q Hae™ LN/\J Q Deacylatlon
~g —= - - _ N\ Reagent

W @ (e

S-Acylated Synzyme Acyl Exchange
to Histidine E Trapped Sulfur Trapped Synzyme
HS

O

Abs = 412nm

Figure 8: Scheme of deacylation rate measurement using Ellman’s Reagent trapping.
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1.1.4 NMR

1D Proton NMR spectra of Peptides 1 through 6 and controls were obtained with
a Varian VX 500 NMR spectrometer provided from UCSD Department of Chemistry and
Biochemistry. All spectra were recorded with 10% D,O and 90% deionized water as
solvent with a water suppression treatment. The concentration of all peptides and controls
recorded in the spectrum was approximately 100 uM and prepared minutes before the
experiment to minimize denaturation or oxidation. All spectra were recorded with a data
size in time domain of 512 points. The water peak is suppressed from 4.5-5 ppm for

better signal-to-noise ratio.

1.2 Results and Discussion

1.2.1 Acetylation

Between Peptides 1 through 9, all peptides but Peptide 8 showed an increase in
acetylation rate compared to Control 5 (ACAH). In particular, Peptides 2, 5, 6, and 9
showed the most increase compared to Control 5 (Figure 9). While there is clearly a rate
increase for these peptides, it is not exceptional. The increases are most likely due to
some enhancement of the nucleophilic attack by the thiol anion (-S°). As further
demonstrated, in spite of the rapid acetyl group exchange that is occurring with the
histidine imidazole group in Peptides 5, 6, and 9, back-attack by the thiol prevents
turnover and any further rate enhancement.
Figure 10 shows the acetylation rates for pNPA, pNPA with ACAH control, and for
Peptide 6 at the different pHs. For both the controls and Peptide 6, as the pH decreases,

the percentage of -S™ anion decreases and acetylation rate decreases. However, there is an
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increase in the ratio between Peptide 6 acetylation rate and ACAH control rate as the pH
decreases. This is consistent with the histidine imidazole group being situated in close
proximity to the neighboring cysteine and lowering the thiol group pKa by proton
abstraction (general acid-base catalysis). The effect is not seen in the ACAH control since

imidazole and thiol groups are not in close proximity.
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Figure 9: Acetylation rate of controls and Peptide 1 through 9.
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Figure 10: pNPA hydrolysis rate and acetylation rate for ACAH Control 5 and Peptide 6 at various
pH values.

Acetylation rates of Peptides 14 through 19 are shown in Figure 11. Although the
acetylation rates of the peptides were slightly higher than the lone amino acid control
(ACAHAL), we did not see a significant increase similar to the previous sets of peptides.
These increases once again are believed to be related to the increase in the nucleophilic
attack by the thiol anion. The back-attack by the thiol is still present, and this prevents the

effective turnover that we hope to see.
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Figure 11: Acetylation rate constants of Peptide 14 through 19 and controls.

Peptides 18 and 19 were further studied to see the effect of lowering of the pH
and the results are shown in Figure 12. The lowering of the pKa was previously seen in
Peptide 6 and was expected in Peptides 18 and 19 as well. As the pH is lowered below
the thiol pKa (pH = 8.15), the rate ratio between P18/P19 and ACAHAL increases. At pH
7.20, the deacylation rate ratio of Peptide 18/ACAHAL is 1.80 and Peptide 19/ACHAL is
1.40. Although the lowering of the thiol pKa was observed for the peptides, it is
interesting to note that Peptide 19, which contains the extra Phe-Asp at the c-terminus,

had no effect on further changing the pKa of the cysteine.
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Figure 12: Acetylation rate constants of Peptides 18, 19, and controls at variable pH 7.20 (10% S-),
pH 7.74 (25% S-), pH 8.15 (50% S-), pH 8.67 (75% S-), and pH9.13 (90% S-).

1.2.2 Deacylation & Ellman’s Reagent Trapping
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Figure 13: Acetylation rate of Peptide 6 with acetic anhydride showing peak at 235nm for acetyl-

cysteine and decreasing peak of acetyl-histidine at 265nm.

Figure 13 shows the initial acetylation process using acetic anhydride. Two peaks

are shown at 235nm and 270nm corresponding to the increase/decrease in concentration
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of acetyl-cysteine and acetyl-histidine. The acetyl-histidine peak shows a very quick
spike once inserted in the peptide solution and lowers to zero around 10 minutes. This
indicates that the reaction has reaches an equilibrium and the initially acetylated histidine
has all deacylated. By confirming this deacylation process, we can focus on the real issue,

which is the acetyl transfer between the thiol and imidazole.
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Figure 14: Deacylation rate constants of Peptide 1 through 9 and controls.

Figure 14 presents the first-order deacylation rate constants from the Ellman’s
reagent trapping study for Peptide 1 through Peptide 9 and its controls. The peptides that
lacked histidine (green bars: Peptide 1, 3, 8) showed little increase in deacylation by
Ellman’s trapping over the controls. Peptide 2, which does have a histidine and cysteine
with alanine spacing groups, showed only a small increase in deacylation. It seems that
the spacing with alanine groups and other aspects of the structure do not allow close
proximity of the thiol and imidazole groups. Peptides 4, 5, 6, 7, and 9 all showed higher
deacylation rates, with Peptides 5, 6, and 9 possessing 20-30 times higher rates than the

ACAH control. For Peptides 5 and 6, the improved deacylation rates are likely due to the
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effect of the bulky phenylalanine groups improving proximity of the thiol and imidazole
groups. The high rate for Peptide 9 may also be due to proximity, as well as the addition
of two more histidine groups. Interestingly, Peptide 7 with the Phe-His-Phe-Cys-Ala-Gly-
Asp in reverse order had a much lower rate. This reduction in deacylation may be due to
the charge cancellation of the terminal Arg and Asp groups. Finally, considering that the
deacylation rates were determined using very low concentrations of Ellman’s reagent
(400 uM) and peptide (100 uM), the actual acetyl group exchange rates in Peptides 5, 6

and 9 may be at least 100-fold higher than the observed deacylation rates.
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Figure 15: Deacylation rate constants of Peptide 14 through 19 and controls.

1.2.3 NMR

Figure 16 and Figure 17 show the direct results from NMR for acetyl-cysteine and
acetyl-histidine respectively. Figure 18 shows the NMR half-height line widths
corresponding to the protons on the B-carbon of cysteine and the g-carbon of histidine
residues at 2.82 ppm and 8.43 ppm, respectively. Overall, the half-height line widths of

the peptide synzyme broadened for every peptide. However, broader line widths were



22

observed for Peptides 5 and 6, confirming that steric effects of bulky side groups bring

the thiol and imidazole groups into closer proximity.
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Figure 16: 1D proton NMR spectra of acetyl cysteine with labeled peak at 2.82 ppm corresponding to
the p-carbon proton.

Figure 17: 1D proton NMR spectra of acetyl histidine with labeled peak at 8.43 ppm corresponding
to the g-carbon proton.



23

0.14 0.014
m (3-Carbon of Cysteine
012 —— L 0.012
T B e-Carbon of Histidine fg
“— 2 Q
52 01 001 g oy
- o I
=2 008 0.008 ;,3
F zz
3% 0.06 0006 £
T c ® g
53 35
TS5 0.04 0.004 3 &
o 3
_u —_—
0.02 0.002
0 0
@ R A 1 > X ) ©
) NN A7 %Y 327 0% 0% .0
O W AT e e oo gef™ e et®
X
N\
&
PO\

Figure 18: Half-height line width for proton on B-carbon of cysteine (blue) and on &-carbon of
histidine (red).

1.3 NAMD and VMD Modelling of the Peptide

1.3.1 System Setup

We used the CHARMM27 lipid parameter file (which pertains to the standard 20
amino acids) to quantify values used to calculate the force fields. Explicit solvent effects
on the system are mimicked using the Generalized Born model, where the dielectric
constants of the protein and solvent are 1 and 78.5, respectively. The ion concentration is
set at 0.008 M along with a temperature of 293 K to reflect the 0.1x TB condition at room
temperature. It should be noted that Peptide 9, which has three histidine residues instead

of one, cannot be directly compared to the other peptides.
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1.3.2 Molecular Dynamics Simulation

Five independent trajectories of 60 ns were performed for each peptide to analyze
two distances: 1) the interresidue distances as the peptides experience conformational
changes and 2) end-to-end distance to measure the overall peptide structure. The initial
structures of all peptides were developed using Accelrys Discovery Studio 3.5. The time
step size is 2 fs, dictated by the stretching frequencies of the peptide bonds (~10 fs). The
system is minimized at 0 K for 100 steps of conjugate gradient. The target temperature of
293 K is controlled during 30,000,000 steps of equilibration using Langevin Dynamics
with a damping coefficient of 1. To avoid instability at higher temperatures, the bonds
connecting hydrogen to other atoms are constrained using the SHAKE algorithm. The
cut-off and switch distances for nonbonding interactions are 14.0 A and 13.0 A,
respectively. The conformations are saved every 250 steps or 5 x 10™ ns while the

energies are saved every 100 steps or 2 x 10 ns(38).

1.3.3 NAMD & VMD Analysis

Simulations were performed on the previously studied Peptides 2 through 9 as
well as Peptides 14 through 19. Each simulation of 60 ns contains 120,000 distance
values, taken between the lone nitrogen atom of histidine and the sulfur atom of cysteine
for the Cys-His interresidue distances, and the carbon atom of the c-terminus and the
nitrogen atom of the n-terminus for the end-to-end distances. The distance data were
imported into Excel where they were plotted against time frames. Figure 6 shows Peptide
14 in VMD with the Cys-His bond length and end-to-end distances shown along with a

plot of the Cys-His distance over 60 ns. Each simulation was run five times per peptide.



25

The two main differences between the model peptide and the actual experimental
molecules are: 1) the missing acetyl-thiol or acetyl-imidazole group and 2) the acetyl
terminated c-terminus. The simplified model may provide slightly unrealistic results
since the interaction on which we are focusing occurs during the acetyl exchange.
However, the general Cys-His measurement will give us insight as to how the
neighboring residues affect the interresidue distance. The non-acetylated c-terminus may
have a slight effect on the flexibility of the entire peptide, but we should see minimal

difference for our end results.
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Cys-HisDistance [A]

Time [ns]

Figure 19: a) Peptide 14 shown in VMD with labelled Cys-His interresidue distance as 9.14 A and
end-to-end distance as 11.91 A. b) Plot of 120,000 data points of Cys-His distance over 60 ns.

Upon obtaining the data, the Cys-His interresidue average distances were plotted
for all peptides with the deacylation rate constants to check for correlation. We
hypothesized that the smaller the interresidue distances of a peptide, the larger its

corresponding deacylation constant due to the frequency of interaction between the
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amino acids. However, the plot had a weak negative correlation with an R? value of
0.0025. Dividing the peptides between 2 through 9 and 14 through 19, the correlation was
still weak at R? values of 0.20 and 0.21 respectively. The average distances for Peptides
14 through 19 increased from 9.24 A to 9.88 A with the exception of Peptide 15 with
9.14 A.

Investigating further, we noticed a correlation between the Cys-His distance
deviation, which shows the variability in the distances, and the deacylation rate constant.
As plotted in Figure 20 , there is a strong correlation between the distance deviation and
deacylation rate constants for Peptides 2, 4, 5, and 6. These peptides are very closely
related in terms of peptide length, while the amino acid sequence only varies by the c-
terminus amino acid (Gly, Arg, and Lys) and the amino acids surrounding the cysteine
(Ala-Cys-Ala or Phe-Cys-Phe). Peptides 2 and 4 showed higher distance deviation than
Peptides 5 and 6. This shows that the cysteine surrounded by alanine allows larger
variability in intermolecular distances between the histidine and cysteine, which is
unfavorable for the acetyl exchange. From this particular set of results, it may be
concluded that smaller deviations in the Cys-His distance allow more interaction between
the two residues due to the increased confinement in the structure.

From the same series of peptides, Peptide 9, which contains three extra residues
and two more histidines, achieved a much lower Cys-His distance deviation at 1.20 A,
but only reached a deacylation rate slightly higher than Peptide 5. Also, Peptide 7, which
has the reverse order of cysteine and histidine, and also a low distance deviation at 1.38 A,

had a poor correlation to its low deacylation rate compared to Peptides 2, 4, 5, and 6. This
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shows that this method of correlation needs to be used with caution and may work best
when peptides with very similar sequences are compared.

The Cys-His distance deviation and rate constants of Peptides 14 through 19 are
plotted in Figure 8. The R? value for this correlation is 0.53, which shows mediocre
correlation between the distance and the rates. However, it is notable that Peptide 15,
which had the greatest distance deviation at 2.53 A, achieved roughly half the deacylation
rate constant as other peptides. This may indicate an existence of a threshold distance
deviation that is necessary to achieve a certain rate constant. If the distance varies too
much, this is an indication that there are fewer chances for the thiol anion to attack the

acetyl-imidazole.
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Figure 20: Cys-His distance deviation vs deacylation rate constant for Peptide 2, 4, 5, and 6.



29

90
< P16
'E 80 —8—
£ P17
£ e % R?=0.5281
: L)
(1]
g 70 P19 +
o
O P18 P14
3
& 60
c
)
= P15
= 50
[8)
(5]
(]
o

40

1.9 2.0 2.1 2.2 2.3 2.4 2.5 2.6
Cys-His Distance Stdev [A]

Figure 21: Cys-His distance deviation vs deacylation rate constant for Peptides 14 through 19.

Figure 9a shows the end-to-end distances of Peptides 14 through 19 in relation to
the Cys-His distance deviation. It can be noted that longer peptides have a longer end-to-
end distance, which contributes to a shorter Cys-His distance deviation. Longer
molecules generally have less freedom to move due to their molecular strain30-33. A
simple plot of number of amino acids vs the Cys-His distance deviation is shown in
Figure 9b. This correlation achieved a high R? value of 0.74. Although it is possible to
simply increase the length of the peptide, Peptide 9, which has three more residues than
Peptide 5, only achieved a marginal rate increase. It is difficult to directly compare these
two peptides since Peptide 9 also contains two extra histidine molecules that could react
with the acetyl-thiol intermediate at any time. Further NAMD simulations with variations
of peptide amino acid chain length and number of histidine molecules will be necessary

to see the effect of the extra histidine molecules.
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Table 2: Combined result showing peptide length, deacylation rate constant, Cys-His distance, and
end-to-end distance.

Cys-His Distance End-to-End Distance

Peptide  Amino Acid Deacylation Rate

Number Length Constant [min-1] Average [A] Deviation [A] Average [A] Deviation [A]
2 9 6.9 9.92 1.98 15.39 3.90
4 9 40.9 9.89 1.86 12.88 4.00
5 9 86.5 10.18 1.76 13.23 4.45
6 9 74.6 9.94 1.73 15.83 3.82
7 9 255 10.27 1.38 14.86 3.52
9 12 88.4 10.41 1.20 14.30 6.26
14 4 72.7 9.24 2.27 9.65 2.02
15 6 45.1 9.14 2.52 11.55 3.52
16 5 80.0 9.32 2.30 11.78 2.23
17 7 73.7 9.32 217 13.85 4.44
18 6 74.1 9.83 2.07 12.51 2.90
19 8 75.1 9.88 2.00 16.02 5.01

For a numerical point of view, Table 2 provides the compiled distance results and

deacylation rate constants for each peptide.

1.4 Discussion

Fifteen peptides that contained various arrangements of cysteine, histidine, serine,
and aspartate were studied: the key amino acids normally found at the active sites of
proteases. The deacylation rates determined by Ellman’s trapping reaction were highest
for the cysteine, histidine, and aspartate containing peptides that had intervening
phenylalanine groups. Peptide 6, 18, and 19 also had significant lowering of the cysteine
thiol group pKa, indicating interaction between the thiol and imidazole groups. The
broadening of the proton NMR line widths further supported a closer interaction of the
cysteine and histidine groups in Peptides 5 and 6. The results demonstrate that the close
proximity of a thiol and imidazole group produces a significant destabilization of the
acyl-thiol intermediate, which is exhibited as a very rapid intramolecular acyl group
exchange between the two groups. Nevertheless, the actual deacylation rate and turnover

of the acyl-imidazole intermediate, without Ellman’s trapping, is still very slow. This is
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clearly due to the back-attack by the thiol nucleophile on the acetyl-imidazole
intermediate. The role of the aspartate carboxyl group in this acyl exchange process is
less clear. Overall, this study supports many of the key aspects of enzyme catalysis in
proteases such as papain and chymotrypsin. It clearly emphasizes the importance of
dynamic mechanisms in achieving the leaving group effect and producing turnover. It
also suggests that the role of the histidine imidazole group as a nucleophile, rather than a
general acid-base catalyst, should be reconsidered.

Substrate Product

Product

¥

Original Peptide

Acetyl-transfer

—

Acetylation Deacylation

Figure 24: Scheme showing the movement necessary to overcome back-attack reaction of the cysteine
thiol.

The Cys-His and end-to-end distance results from NAMD confirm that the acetyl transfer
occurs at greater rates for peptides with a more confined geometry. There are several
ways in which this can be achieved. The first is to apply a rigid structure intrinsically
through the design process of these peptides. Like natural enzymes, a more precise
interresidue location is necessary in order to let the acetyl transfer occur. Longer chains
have proven that they can produce a more rigid Cys-His structure(39-41). Further
incorporation of known structures such as protein folds and helixes may be helpful.

Another method is to confine these peptides to objects with known boundaries and
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configurations. This can be achieved by attaching one or both ends of the peptide to a
structure such as a metallic surface or to nanoparticles. By anchoring the terminus of the
peptide, the flexibility of the peptide will be greatly reduced, allowing a more controlled
interaction between the amino acids. In addition to controlling one end of the peptide,
attaching peptides on surfaces allows the application of other external forces (electric
field, fluidic, or acoustic) that can be used to assist the mechanical activity of the peptides.
Our present hypothesis is that the application of a directional oscillating or pulsing DC or
AC electric field may ultimately provide the mechanism for preventing back attack and
producing turnover. Chen et. al. has shown a sensor mechanism that measures for
phosphorylated and non-phosphorylated peptides attached to a metallic surface by
applying a DC voltage. The phosphorylated peptides collapse while the electric field is
applied, but the non-phosphorylated peptides remain insensitive towards the field,
allowing for kinase reactions to occur. Application of any form of external force adds a
variety of parameters that can be adjusted. With the help of experimental and modelling
data, these parameters can be tuned to control the peptide conformations and optimization
becomes possible for many reactions. By further utilizing non-peptide based catalysts,
such as metal ions, there are many possible forms of catalytic reactions possible.
Although we have been focusing on the rate at which the acetyl group transfers
between the cysteine and histidine, our attention should also be on controlling the
interresidue distance so that the deacylation process can occur from the acetyl-histidine as
shown in Figure 4. To truly achieve this step, the interresidue distance must be increased
to prevent the thiol back-attack from occurring. This is the opposite approach to our

current studies, which focus on bringing the two residues closer to achieve higher
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interaction. The level of control that is required to adjust these intermolecular distances at
will is a challenging task and will require a smart design that allows peptide conformation

to recognize and react to a certain binding pattern.

1.4.1 Relation to IDP

Although the crystal structures of proteins have been studied for decades, there
has been an increased interest in proteins that contain disordered peptide chains during
the binding process or the transition state of the reaction. These proteins are known as
intrinsically disordered proteins (IDP) and are characterized by their lack of structure for
some or all of their peptide chains, which assist reactions by creating different
binding/inhibiting structures(42). While many focus on finding the crystal structure of the
proteins, the known structures do not tell the full story of which protein produces its
product. Specifically, there are proteins that start with an ordered state and transition
through a molten globular state such as fd phage and histone octamer. There are also
proteins that experience disorder to order transitions that allow for effective reactions,
such as the transition of trypsinogen to fully active trypsin(43-45).

Our peptides are similar in concept with some of these IDPs; in order to achieve
substrate binding and effective acetyl transfer, the peptides require low disorder.
However, once the transition has taken place from acetyl-thiol to acetyl-imidazole,
greater disorder is required to achieve deacylation. A possible solution for this process
may be an additional charge-changing reaction that utilizes the rest of the inactive amino

acids on the peptide chain, similar to the Asp-175 present in papain. Studies of these



35

proteins may help design a new set of proteins and enzymes that can produce catalysis

through its controlled order/disorder.

1.4.2 NAMD and VMD

NAMD and VMD studies have been useful to view and calculate the movement
of these peptides in a controlled environment. Although, these simulation results must be
taken with caution because the parameters do not represent the experimental conditions
perfectly, correlations can be made to a certain degree. The main difference between the
modelling and the actual experimental condition is the acetylation of the thiol or the
imidazole to represent the acetyl group transfer. For future studies, we plan to modify the
thiol to an acetyl-thiol intermediate to see the change in distance that reflects a more
accurate environment.

In papain, the Cys-His interresidue distance is roughly 6 A when measured from
the PDB crystal structure®”. Although we could use this distance as a reference point to
build our peptides, it should be keep in mind that the papain macromolecular structure
produces precise movements during catalysis that we may not completely understand.
From our results, it may be suggested that Asp-175 has little effect on the actual catalytic
triad, which leads us to believe that the actual papain mechanism is dominated by the

cysteine-thiol and histidine-imidazole interactions.

1.5 Conclusion
In conclusion, six new peptides were designed to test their reaction rates. The
acetylation and deacylation rate constants showed consistency with previously studied

peptides and confirmed the importance of steric hindrance created by the phenylalanine.
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Furthermore, molecular dynamics simulations have shown signs of higher acetyl transfer
rates related to the overall peptide length and the Cys-His interresidue distance deviation.
Future peptides will be designed using modelling first to confirm a lower Cys-His
distance deviation. Although our studies have focused on the acetyl transfer rate, it is
important that future experimental designs be directed at achieving secondary
conformational changes that lead to true catalytic turnover, i.e., deacylation without
Ellman’s Reagent trapping. Thus, future work will focus on both structural improvements
and the application of external electric fields to produce desired nanomechanical
properties for achieving turnover.

Chapter 2, in part, has been published in Catalysis Communications, “Quest for a
turnover mechanism in peptide-based enzyme mimics,” by T. Takahashi, M. Cheung, T.
Butterweck, S. Schankweiler, and M. J. Heller (2015) 59, 206-210, and has been
submitted for publication in Biochemistry, “Molecular mechanical properties of short
sequence peptide enzyme mimics” by T. Takahashi, B. C. Ngo, L. Xiao, G. Arya, and M.

J. Heller (2015). The dissertation author is the primary investigator in these publications.
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Heterogeneous Peptide Catalysis

Studies on catalysis with in which the peptides are attached to surfaces or
included in structures to create a more controlled environment are shown in this chapter.
These structures include micelle, nanoparticles, and flat surfaces. In addition to the
structural control of the peptides, we studied the effect of induced electric field in order to
take advantage of the charged molecules of specific amino acids to precisely align the

peptides.
1.6 Electric Field Introduction

1.6.1 Previous Studies

The use of electric field to control molecules in various environments has been
studied for decades. In relation to biological molecules, electric field has been used to
flow charged molecules through mediums, control conformational changes, or collect and
separate molecules with varying dielectric properties. Interests to study the effect of

electric field on cells, DNA, RNA, peptides and proteins have increased due to its ability
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to control the structures of molecules permanently or intermittently with great control. In
1972, Neumann showed that pulsed electric field (PEF) of 20 kV/cm is capable of
producing long-lived changes in ribosomal RNA by creating dipole moments by shifting
the ionic atmosphere of multi-stranded polynucleotide helices which causes
unwinding(46). Recently, electric field has been used to inactivate enzymes through
change in protein charge configuration. This has been useful in the preservation of certain
food products such as milk which contains lipase and alkaline phosphatase. Others have
found enzymes that can be deactivated by electric field within horseradish, wine, and
sugar beet pulp, and various food groups. There are varying theory as to how the electric
field pulsing inhibits reactions. For example, acetic acid esterification is possible by
increasing the energy of and adding vibration of hydrogen bonds that keeps the ethanol
and acetic acid together. This vibration frequency produces the resonance phenomenon
resulting in the breakage of the hydrogen bond, freeing the two molecules. Although the
mechanism for the PEF inactivation of many enzymes and food products is not fully
known, many studies suggest conformational changes and denatured state of the protein.
Several studies have shown that electric field strength, pulse duration, number of pulses,
and pulse shapes are the main variable that affects the protein conformation. In 2012,
Chen et. al. found that they can coil and stretch phosphorylated peptides attached to gold
surfaces by applying positive and negative DC voltage(47). This allowed the detection of

charge-related biomolecule conformations of various peptides(48-61).



& -y T ™ r
(C) oEGIVGVIFKKKCgoid

0|

(ii)

]

disty.goig / nm

1 ? 3 4 5
time / ns

Figure 25: Example of electric field perturbation by Chen et. al.

1.6.2 Electric field application on cysteine protease mimics

Although these are examples in which electric field is applied on enzymes, they
have the function of inactivation rather than activation or increasing the rate at which
these enzymes function. The former is a much simpler process since it only requires the
reduction of the structural integrity of the original protein. In order to achieve higher
turnover rate, the applied electric field must cause molecules to align in a more precise
conformation. This requires specifically knowing the target charge, charge orientation,
charge distribution, and the timing at this charge exists within the molecule. These
information are not easy to find, but based on our previous experiments, we have
developed a method in which we can apply an electric field at the right moment on our
cysteine protease mimics to achieve a higher turnover rate by overcoming the back-attack
problem.

Figure 26 shows the schematic of how electric field can be applied to control the

conformation of the cysteine and the histidine on a single peptide. In each step, a peptide
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is shown with the one end of the peptide backbone attached to a support layer and
cysteine and histidine shown individually. Step 1 through 3 shows the general
nucleophilic attack from the thiol (S-) onto the substrate and the acetyl transfer that takes
place from acetyl-thiol to acetyl-histidine. We have noticed that there is a positive charge
difference created at the center of the imidazole when the acetyl group is attached and the
addition, the free thiol contains a negative charge, which in the case of a back-attack,
reacts with the acetyl group once again. However, if there is an electric field applied on
the acetyl-histidine, the different charge on the imidazole and the thiol can be used to pull
the peptides away from each other. This will result in a distance between the Cys-His
which is too large for the cysteine to attack the acetyl-imidazole, allowing the acetyl
group to deacylate. Upon deacylation, the peptide will return to its original state and
continue to react with a new substrate molecule as shown in step 6.

The critical part of this separation of charge with applied electric field is the
timing at which this field is turned on. Currently, we do not know the rate at which this
transfer rate occurs since the Ellman’s reagent deacylation rate experiments are not
absolutely representative of the rate at which an acetyl-histidine group exists. Meaning,
during the previous deacylation experiments, Ellman’s reagent will only capture the free
thiol only when the molecules are close enough to react. This leaves many chances of
acetyl group exchange to occur before there is a free thiol that the Ellman’s reagent can
react. We have assumed that in order to capture every moment at which an acetyl group
stays with the histidine, a nanosecond electric field pulses are necessary. Although we
have the capability to produce these electric field pulses, it becomes difficult and

expensive to apply these electric fields. Also, since there is never an instant when the
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numerous peptides attached to surface are at the same step of the reaction, it is inefficient
to target one instance of the reaction. Our experiments were performed on function
generators which have the capability of applying up to 10MHz in frequency.

The significance of this approach is that unlike any other electric field application,
it allows control of charges at the molecular level in order to enhance the target reaction
rate. The idea that electric field can move charged molecules has been exploited for
centuries; however, there has never been an instance in which it was used to ameliorate
chemistry in a mechanical manner in order to overcome an uphill reaction. This method
is the first application of electric field in order to produce minute conformation changes,
similar to existing enzymes, in order to produce turnover. In addition to the application of
mimicking cysteine proteases, electric field can be applied to any reaction that known
charge differences exist within a molecule. More sophisticated forms of electric field

application are listed in the Chapter 5.
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Figure 26: Scheme of electric fielding pulse controlled deacylation of cysteine-histidine peptide.

We would like to once again reiterate the difference in homogeneous and
heterogeneous catalysis while explaining the advantages and disadvantages of applying
electric field. In homogeneous catalysis, there are large number of interactions taking
place between the peptide and substrate which allows simple measurements of the
reaction rate in any number of volumes. However, the peptides are too flexible for
electric field to be applied properly in a controlled manner and the high precision of
charge-electric field interaction will not be achieved. In contrast, heterogeneous reaction
which utilizes peptides attached to the surface can maintain a much more rigid

conformation of the peptide. This allows precise orientations of the charges and reaction
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sites. This precision comes with the shortcomings of having fewer interactions between
the peptide and the substrates since bulk of the substrates will stay in solution far away
from the surface of the peptides. In the later sections of the chapter, we will explain our
attempt to combine homogeneous and heterogeneous interactions by using micelle

structures and gold/polystyrene nanoparticles.
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Figure 27: (left) Homogeneous and (right) heterogeneous catalysis with electric field.

1.6.3 Homogeneous Electric Field Catalysis

Knowing these facts, our original plan was to attempt to apply electric field on the
previously studied peptide, Peptide 1 through 9, in order to create perturbation on the
entire peptide backbone. These peptides were designed with specific charges placed at
the ends of the peptide. For example, Peptide 6 contains a lysine which is a positively

charged amino acid at its c-terminus and an aspartic acid at its n-terminus. The goal of
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these peptides, in addition to studying the effect of phenylalanine steric hindrance was to
align the peptides by applying an electric field to pull these charges apart and pulling the
peptide backbone. The list of Peptide 1 through 9 is shown in Table 3 with positive (red)
and negative (green) charges labelled for each.

Table 3: List of Peptide 1 through 9 with labeled positive (red) and negative (green) charged amino
acids.

Number | Sequence

Peptide 1 | Gly-Gly-Ala-Ala-Cys-Ala-Ser-Ala-Asp

Peptide 2 | Gly-Gly-Ala-Ala-Cys-Ala-His-Ala-Asp

Peptide 3 | Arg-Gly-Ala-Ala-Cys-Ala-Ser-Ala-Asp

Peptide 4 | Arg-Gly-Ala-Ala-Cys-Ala-His-Ala-Asp

Peptide 5 | Arg-Gly-Ala-Phe-Cys-Phe-His-Ala-Asp

Peptide 6 | Lys-Gly-Ala-Phe-Cys-Phe-His-Ala-Asp

Peptide 7 | Arg-Asp-Phe-His-Phe-Cys-Ala-Gly-Asp

Peptide 8 | Arg-Asp-Phe-Asn-Phe-Cys-Ala-Gly-Asp

Peptide 9 | Arg-Gly-Gly-His-Phe-Cys-Gly-Pro-Gly-His-Gly-His-Gly-Asp
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The first attempt towards electric field enhanced catalysis was performed in a
homogeneous setting directly inside a 1 cm by 1 cm standard quartz cuvette for UV-Vis
spectrophotometer as shown in Figure 28. Two capillary tubes of different length which
contained an agarose gel plug and 1x PBS buffer above were inserted in the cuvette.
Once the platinum electrodes were inserted, a potential difference was applied, creating
an electric field from one end of the capillary tube to the other. Figure 29 shows the 3-
dimensional electric field concept using the same UV-Vis cuvette. It is beneficial to use
the UV-Vis cuvettes since they come in standard sizes and allows for real time

measurement of the reaction.

= &

Negative | Positive
Electrode Electrode
PBS Buffer
Agarose Gel —— “

Figure 28: Initial electric field setup directly in the UV-Vis cuvette. Two glass capillary tubes filled
with agarose gel and PBS buffer were inserted in the cuvette.
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Figure 29: Electric Field induced within a UV-Vis cuvette in z-dimension (left) and xyz-dimension
(right).

We managed to use this configuration to perform tests with electric potential up to 200 V.
Below are the results for Peptide 2 pulsed at 100 Hz at varying voltage (Figure 30) and
Peptide 6 and 7. The acetylation experiments were carried out similarly to the procedures
listed in section 1.1.2 with the same concentration of the substrates and enzymes. For
Peptide 2, the electric potential was raised to 400 V; however, the results were unattained
due to the melted gel releasing the PBS buffer above. At higher voltages, noticeable
heating had occurred and weakened the gel. At 200 V, the acetylation rates are noticeably
higher, mainly due to heating of the substrate which causes the hydrolysis rate to increase
and highly unlikely that enzymes were functioning under electric field as we hoped
initially. In order to avoid the joule heating of the solution, we maintained our voltage
under 10 V. For Peptide 6 and 7, we compared the measurements with ACAH rate under

the same condition and adjusted the frequency at which the PEF was applied. Peptide 6
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had a maximum absorption increase rate at 100 kHz while Peptide 7 had a maximum at 1
kHz. Although there were slight changes, these results were not statistically significant.
We also realized the inaccuracy of the experimental setup using the capillary tubes and
the electrodes since the distance between the platinum electrodes were never consistent.
In order to simplify the experimental setup and achieve a more controlled environment
for the peptide conformation, we moved on to different forms of fluid chambers and

structures used for the peptides.
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Figure 30: Peptide 2 acetylation rate with varying voltage at 10 kHz.
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Figure 31: Peptide 6, 7, and ACAH control reacted with pNPA with various frequency pulsed electric
field.

1.7 Micelles

Micelles are ubiquitous in biochemical reactions as small amphiphilic molecules
can produce structures as large as lipids that are organized in a concentrated manner.
Micelles maintain its structure by having an amphiphilic tail-head structure and
depending on the hydrophobicity/hydrophilicity of those ends micelles will form above a
certain critical micelle concentration. Micellular catalysis is a known phenomenon in
which the addition of micelle structures affects the reaction rate and rate constants of
organic reactions by utilizing its physicochemical properties and intermolecular
interactions. Although not perfectly heterogeneous (no permanent structures or bonds),
micelles form spherical structures that has the ability enhance the stability of the peptides.

The incorporation of the peptides into micelles may enhance reaction rates by
providing a local hydrophobic environment within a surrounding aqueous phase. Many
substrates of commercial or scientific interest, such as triacylglycerols, are at least

somewhat hydrophobic and may partition into a micelle, thus concentrating near the



49

peptides contained in the micelle. The greater local concentration of the substrate would

enhance the rate of catalysis based on the law of mass action(62-67).

1.7.1 Experimental Methods

There are two possible ways to create micelles that contain short-sequence
peptides. One is to use existing micelle structures with known critical micelle
concentrations and adding the peptide molecules in the micelle structure. In our
experiments, several known surfactants were used in our experiments, including: Triton
X-100, Tween 20, and Tween 80. Another method is to create amphiphilic molecules that
include hydrophilic ends that contain the peptides with catalytic sites. For our experiment,
we designed peptides with Palmitoyl group at the n-terminus which allows the peptides
themselves to form micelles within the solution.

Table 4shows the list of substrate, controls, and sequences of Peptides 20 through
25 used for this experiment. Peptides 20 and 21 are intended to be used together to allow
interaction between the two different peptide strands. Peptides 22 through 25 contain
both cysteine and histidine groups to allow intra-peptide reaction as presented in the
previous chapter. Peptides 22 and 23 differ in the order of the cysteine and histidine
residues and Peptides 24 and 25 include an amine terminated c-terminal. We are
expecting a difference in the critical micelle concentrations for these peptides with these
variations in the c-terminal. Palmatic acid was chosen as the control that represents the
peptides without its catalytic groups in addition to n-acetyl I-cysteine and n-acetyl I-
histidine. Fluorescein diacetate (FDA) was chosen as the substrate since it is a harder

substrate to hydrolyze and provides sufficiently distinct emission peaks(68-70). 0.01 mM
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FDA was used while varying concentrations of the controls, peptides, and surfactants
were used. Each reaction took place in 600 uL of total solution. 0.1x TB at pH 8.5 was
used as the buffer. Each control was initially prepared by the addition into the buffer. 30
seconds after the addition of 0.01 mM FDA, the first time point was taken with Perkin

Elmer LS 50 Fluorometer at 380 nm/515 nm excitation and emission.

Table 4: List of chemicals for the micelle experiment.

Compound/Sequence
Substrate Fluorescein Diacetate (FDA)
PA Palmatic Acid (PA)
ACAH Acetyl Cysteine + Acetyl Histidine (ACAH)
Buffer Tris-Borate (TB)
Peptide 20 Palmitoyl-His-COO-
Peptide 21 Palmitoyl-Cys-COO-
Peptide 22 Palmitoyl-Cys-Phe-His-COO-
Peptide 23 Palmitoyl-His-Phe-Cys-COO-
Peptide 24 Palmitoyl-Cys-Phe-His-CO-NH2
Peptide 25 Palmitoyl-His-Phe-Cys-CO-NH2

Figure 32 shows the scheme of Triton X-100 and Peptide 22 interacting with a
triacylglycerol molecule. The goal is to use the Triton X-100 as the base micelle structure
and to imbed the peptides and the triacylglycerol alkane chain within the micelle
structure. Figure 33 shows further example of the triacylglycerol molecule getting
imbedded into the Triton X-100/Peptide 22 micelle structure. In addition, the active site
of the synzyme, which is the relatively hydrophilic peptide portion, is concentrated at the
outer edge of the micelle as is the relatively hydrophilic part of the substrate, which
contains the ester linkages. The positioning of the labile ester linkage near the active site
of the synzyme also serves to enhance the reaction rate. Once the lipase reaction occurs

cleaves the glycerol bonds, individual strands of stearic c-18 fatty acids will be available
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for further downstream reactions. In this example, the final reaction is to produce
unsaturated fatty acids products such as omega-3 fatty acids. Other possibilities of future
application include linolenic acid, eicosapentaenoic acid (EPA) and docosahexaenoic

acid (DHA).
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Figure 32: Scheme of micellular peptides interacting with alkane chains of triacylglycerol.
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Figure 33: Peptide mimic of a lipase contained in a micelle.
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Figure 34: Electric field induced deacylation in peptide micelle.

Peptides embedded in micelles can also be combined with the use of an
alternating electric field to achieve further rate enhancement. In Figure 34 step 1, the

acyl-glycerol substrate is added while the electric field is not applied. The sulfur anion is
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able to react with the ester bond and acquires the fatty acid as an acyl group. In step 2, the
acyl group is transferred to the imidazole group. In step 3, the electric field is activated to
pull the negative charge on the sulfur away from the positively charged acyl-imidazole,
thereby preventing back-transfer of the acyl group to the sulfur. In step 4, the fatty acid is
released from the imidazole into the surrounding medium. This scheme is similar to
Figure 26 which has the peptide backbone attached to a rigid surface. Due to the inherent
flexibility of the micelle structure, the Cys-His interacts not only within each strand, but
with other strands as well. Micelle structures have molecules moving in and out of the
micelle at any time. This flexibility is a key point when focusing on the deacylation
aspect which requires the acetyl-imidazole group to move away from the cysteine to

avoid back-attack.

1.7.2 Results

Figure 35 shows the rate of fluorescence increase through the acetylation from 0.1
mM FDA reacted with controls and peptides at 1.7 mM. Each condition was tested with
and without the addition of 5 mM Triton X-100. Looking at the controls, there is a
definite increase in the reaction rate once ACAH is introduced in the solution. This small
increase in rate is due to the negative thiol anion (S-) producing a nucleophilic attack on
the acetate molecule. As expected, the addition of the palmatic acid has no effect in
creating a micelle on its own and has no effect on the overall FDA hydrolysis rate. Upon
adding 5 mM Triton X-100, the rate remains the same for the controls. Palmatic acid still
has no improvement on the rate, but rather slows the reaction down further even with the

addition of Triton X-100.
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From Peptides 20 through 25, various observations can be made. First, Peptides
20 through 23 show no increase when directly added with FDA. Once the Triton X-100 is
added, Peptides 20 and 22 show an increase with Peptide 20 reacting three times faster
than Peptide 22. Similar pattern can be seen with the combination of Peptide 20 and 21.
In contrast, Peptides 24 and 25 show high reaction rates even without the addition of
Triton X-100 and once it is added, a slight decrease in rate occurs.

Figure 36 shows the FDA acetylation rate with 0.01 mM FDA and 0.002 mM
controls and peptides, with 5 mM Triton X-100. The ratio between
substrate:enzyme:surfactant is 5:1:2500. In this case, the results look dramatically
different with the peptides not showing great enhancement in acetylation rate. Although
dramatic increases are not seen, Peptides 20, 21, and 22 with Triton X-100 show

statistically significant increases compared to the controls.
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Figure 35: 0.1mM FDA acetylation rate with 1.7mM of controls (ACAH/PA/5mM Triton X-100) and
Peptide 20 through 25.
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Figure 36: 0.01 mM FDA acetylation rate with 0.002 mM of controls (ACAH/PA/5 mM Triton X-100)
and Peptide 20 through 25.

1.7.3 Discussion

The results from Figure 35 show that with a sufficiently high concentration of
peptides, they can be incorporated into micelles with Triton X-100. Although Triton X-
100 shows slight increase in acetylation rate, there is a significant effect seen from certain
peptides being added. The most notable peptide is Peptide 20, which only contains a
histidine residue and was originally planned to be used in conjunction with Peptide 21.
However, the results showed that Peptide 20 worked better without Peptide 21, which
contains the cysteine molecule that assists the reaction with its nucleophilic attack. This
may be explained by several ways. First, the Triton X-100 molecules are controlling the
peptides efficiently by allowing the palmitoyl ends to be inserted within the micelle
structures while exposing the amino acid ends. Peptide 20 contains a histidine molecule

which inherently can assist in catalysis. This has been noticed in many previous cases
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that histidine molecules have been used to catalyze certain reactions. It is possible that
the organization of these molecules on the outside surface of the micelles has created an
environment in which FDA comes into contact with the histidine residues which achieves
higher reaction rate. It is highly possible that the histidine molecules are coming in
contact with one another, assisting in the transfer of the acetyl group and ultimately
causing deacylation and turnover. Although cysteine has the capability of carrying out
nucleophilic attacks with its thiol anion, they cannot produce turnover as the acetyl group
stays on the thiol without the assistance of histidine removing the acetyl group. The
combination of Peptides 20 and 21 shows slight decrease compared to Peptide 20 on its
own. A possible explanation of this phenomenon may be that Peptide 21 is over crowding
the micelle surface and preventing the histidine on Peptide 20 from freely reacting with
FDA. Peptide 22 also shows increase in acetylation rate of FDA due to its presence of
histidine on the outside of the micelle surface unlike Peptide 23 which brings the cysteine
residue at the closest proximity to FDA molecules. These results once again show the
importance of having a structure that can bring the substrate and the peptide molecules
closer to one another. Peptides 24 and 25 also enhanced the acetylation rate greatly due to
their amidation on the c-terminal. It should be noted that the addition of Triton X-100 did
not enhance the FDA hydrolysis rate for both peptides. This may be due to Peptides 24
and 25 already forming a micelle due to its increased hydrophilicity due to the amine
termination which lowers its critical micelle concentration.

The results shown in Figure 36 indicate that these previous rates are highly
dependent on the concentration ratio between the substrate, peptides, and surfactant. It is

ideal to have a high substrate to catalyst ratio in order to reduce cost. Also, it shows that
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the fewer catalysts used to hydrolyze the substrate, the more efficient the catalysis can
progress. In our second study, we have chosen the ratio 5:1 for the substrate to peptide. In
this study, the reaction rates were closer to the measured rates with Peptides 1 through 6
with Peptide 21 containing cysteine showing a higher rate than Peptide 20. Due to the
lack of histidines coming in contact with one another, there is far less deacylation
happening from acetyl transfer between the multiple histidines. Between Peptides 22 and
23, a surprisingly large difference can be seen when Triton X-100 is added. Once again,
the orientation of the Cys-His matters and having a histidine near the micelle surface is
favorable. This is consistent with the previous higher peptide concentration results.
Unfortunately, the amidation terminated Peptide 24 and 25 did not perform as well as
they did at higher concentration. It is possible that these peptides did not reach the critical

micelle concentration.

1.7.4 Conclusion

From these results, it can be concluded that adding the palmitoyl terminated
peptides were successfully inserted in the existing micelle structures of Triton X-100.
Although Triton X-100 increases the hydrolysis rate of FDA on its own, adding high
concentrations of peptides in some cases helped to increase the original reaction rate by
around 50 fold. The micellular structure is very effective in creating an environment in
which the peptides can interact with each other in precise manner as seen with Peptide 20.
However, at lower concentrations, this interaction becomes more difficult to achieve
since each micelle contains very few peptides. Although the micelle surface has the

catalytic groups present, the interaction between the peptides are not enough to carry out
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the catalysis as we hoped to see. It will be interesting to find a balance between a certain
concentration of micelle, substrate, and peptide that can perform effectively enough to

produce turnover at a cost effective manner.

1.8 Micelles with Electric Field

In the previous studies, we aimed to see the effect of the micelle structures created
by Triton X-100 that helped direct the peptides in which the catalytic amino acid groups
were directly in contact with the substrates at the micelle surface. In this section, we
would like to focus on the peptides themselves forming a micelle and the addition of
applied electric field. As shown in Figure 34, we attempted to achieve catalysis within
micelles by pulsating the positively charged acetyl-histidine and the free thiol anion to

avoid the back-attack from the thiol.

1.8.1 Experimental Methods

Unlike the previous electric field studies with homogeneous peptide catalysis
which utilized UV-Vis cuvettes as the electric field fluidic chamber, fluidic chambers
which consisted of two gold slides facing each other with 1 mm thick acrylic opening in
between were used. 600 uL of sample fluid was contained in a laser-cut acrylic fluidic
chamber. The gold slides were made in the cleanroom of UCSD Nano3 by using an E-
beam evaporator and applying 10 nm and 200 nm of Ti/Au layers. This allows for
controlled electric field to be applied consistently. The setup of the gold slide is shown in
Figure 37. Previously mentioned Peptides 20 through 25 were reacted at 0.05 mM with
0.01 mM FDA in 0.1x TB pH 8.5 in the 600 pL fluidic chamber at room temperature.

There was no Triton X-100 present in order to study the capability of peptides creating
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micelles by themselves. The fluorescence measurements were only taken once at the 30
minutes time point since the solution cannot be removed readily from the fluidic chamber
while the reaction progressed. Initially, all peptides were studied under zero voltage
condition; however, in the second set of experiments where electric field was applied,
only Peptide 25 was used since it showed the greatest promise from the previous micelle
results. Square waves and pulsed electric field were tested at various voltage, frequency,

and duty cycle.

Glass with Au m
\__ +
Fluidic Chamber

Figure 37: Fluidic chamber with gold on top and bottom surface.

1.8.2 Results

Figure 38 shows the initial results without the applied electric field. Although
Peptides 20, 22, 24, and 25 showed statistically significant increase, these rates are not
exceptional with only two fold increase by the addition of Peptide 24. These increases
can be attributed to similar reasons as previously mentioned. Peptides 20 and 22 allow
micelles to form with interacting histidine molecules and Peptide 24 and 25 have strong
interaction with FDA with their amidation on the c-terminal. Figure 39 shows our initial
attempt at applying a square wave electric field on Peptide 25. A square wave of 20 Vpp
was applied to 0.05 mM Peptide 25 and 0.01 mM FDA at 10 kHz, 100 kHz, and 1 MHz.
At 10 kHz and 1 MHz, roughly twice the amount of FDA was hydrolyzed when the

electric field was applied with Peptide 25. Although these increases may indicate that the
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electric field is catching the moment when acetyl group is transferred to the histidine, we
must proceed with caution since there can be many possible reasons that the electric field

can increase the hydrolysis rate of FDA.
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Figure 38: 0.05 mM of Peptide 20 through 25 reacted with 0.01 mM FDA without Triton X-100.
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Figure 39: 0.05 mM Peptide 25 reacting with 0.01 mM FDA at 20 Vpp, 10 kHz, 100 kHz, and 1 MHz.

Upon rerunning Peptide 25 at 10 kHz 20 Vpp, the temperature before and after the
reaction were measured. During this experiment, we noticed a slight increase in
temperature. After running the experiment three times, the average temperature
difference before and after was 1.1+0.1 °C. Since substrate hydrolysis rate dramatically
increases with increase in temperature, we were unable to distinguish if this temperature
rise had caused the rate increase or not. Furthermore, we tested 0.01 mM of FDA with 20
Vpp 1 kHz applied with and without 0.05 mM Peptide 25. Figure 40 shows that although
there were dramatic increase on fluorescence rate, the absence and the presence of the
peptide had little effect. Instead, the rate increase was due to the roughly 5 °C increase

during the reaction. Although the overall average value is slightly higher for the reaction
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that included Peptide 25, there is no statistical significance due to the error.
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Figure 40: Fluorescence rate average (dark blue) and average change in temperature (light blue) of
0.01 mM FDA with 20 Vpp 1 kHz applied with and without Peptide 25.

1.8.3 Discussion & Conclusion

In this experiment, micelles were combined with electric field for the first attempt
to utilize its charge difference of the acetyl-histidine and the thiol anion. However, the
results showed little to no effect of electric field to achieve deacylation. Instead, at lower
frequencies, increase in temperature was noticed, which caused the FDA to hydrolyze on
its own. Although the effect of peptides themselves forming micelles was seen, none of
the peptide showed exceptional increase in hydrolysis rate without the aid of Triton X-
100. In order to avoid joule heating and to see the actual effect of electric field on the
peptides, lower voltage at higher frequency must be applied. The current function
generator can only produce up to 10 MHz; however, if pulsed electric field was used
instead of square wave, there may have been more impact on the reaction since pulses

can be produced shorter time frame (~40 ns) to catch the peptides during the acetyl-



63

histidine state. In our future work, it is important to focus on the actual mechanism of the
peptide movement within the micelle and understand how each strand of peptide is
moving during each electric field pulse. This may be accomplished by dynamic

simulation which can take into account charges affected by applied electric field.

1.9 Gold and Polystyrene Nanoparticles

Another method to stabilize the peptide molecules is by attaching one or more
ends of the peptide chain to a surface. In our studies, gold nanoparticles were
functionalized with alkane thiol chains in order to perform a reduction reaction that
attaches the peptides to the surface through the lysine secondary amine. Gold surface was
chosen due to its relatively high density of possible thiol reaction which allows large
numbers of peptides present on each nanoparticle. In addition, gold nanoparticles can be
synthesized in various sizes from 5 nm to 40 nm diameters in relatively simple
procedures. Smaller diameter gold nanoparticles have larger surface to volume ratio,
which allows greater reaction of substrate to peptide; however, small nano particle (<
10nm) are difficult to keep suspended in various mediums and after various washing
steps required to achieve the final peptide functionalization(47, 61, 71-75).

Polystyrene nanoparticles were also used in conjunction with biotin-streptavidin
linkers for the peptides. Biotin-streptavidin is one of the strongest bonds available in
organic molecules that do not require covalent bonds; therefore, simple conjugation of
peptides can be achieved with high specificity and yield. The polystyrene beads came
pre-functionalized with a known concentration of streptavidin. Our peptides were

modified to have biotin attached on the n-terminal of the peptides. Upon functionalizing
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the gold and polystyrene nanoparticles, they were once again tested with substrates FDA,

and 4-methylumbelliferyl butyrate (MUBB) for esterase activity.

1.9.1 Experimental Methods

100 mL of 10-12 nm gold nanoparticles were synthesized using the following
methods.

Two solutions were made: Solution A) 79 mL DI water with 1 % w/v aqueous
gold chloride and solution B) 4 mL 1 %w/v trisodium citrate, 25 uL 1 % w/v tannic acid,
and 16 mL DI water. The two solutions were heated to 60 °C and mixed while stirring.
When the color turned to dark shade of red, the solution was heated up to 95 °C for one
minute and then cooled on ice. The gold nanoparticles were centrifuged at ~9000 xg for
30 minutes to remove the supernatant and suspended in ethanol for the following
procedure. After the synthesis, the particles were observed under scanning electron
microscope (SEM) and the particle sizes were measured with UV-Vis and dynamic light
scattering (DLS) to confirm the diameter of around 10-12 nm.

1 mL of the synthesized gold nanoparticles were centrifuged for 20 min at 1600
xg and resuspended in 50 uL of 5 mM 11-mercaptoundecanoic acid (MUA) in ethanol for
at least 24 hours. The particles were spun down again for 20 minutes at 1600 xg and
resuspended in 400 uL. MES buffer. 50 pL of 2 mM 1-ethyl-3-[3-dimethylaminopropyl]
carbodiimide (EDC) was added to the MES buffer and sonicated for 15 minutes. 50 puL of
5 mM N-hydroxysulfosuccinimide (NHSS) was added to the MES buffer and sonicated
until fully dissolved and reacted for 15 minutes. 1 puL of 2-mercaptoethanol was added to

quench the EDC activation reaction. Finally, 100 uL of 2 mM lysine terminated Peptide
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14 was added and reacted for 2 hours. The solution was centrifuged for 20 minutes at
1600 xg and resuspended in 60 uL DI water. The previous steps were repeated until
enough volume of solutions was obtained. Figure 41 shows the order of the

functionalization.
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Figure 41: Thiol-alkane functionalization using EDC, NHSS, and amine terminated peptide.

0.01 mM FDA was reacted with the Peptide 14 functionalized gold nanoparticle
in the 600 pL cuvette. In addition, same reaction was tested in the z-dimensional gold
electrode fluidic chamber at 200 pL of total volume. LS 50 Perkin Elmer Fluorometer
was used to measure the activity of FDA with 390 nm/515 nm for excitation and
emission spectrum. The controls included FDA, FDA with non-functionalized gold
nanoparticle, and FDA with thiol-alkane functionalized gold nanoparticles. 20 Vpp 10
MHz were applied to see the effect of electric field on the peptides.

Four biotin terminated peptides were designed to react with 110 nm diameter
streptavidin coated beads (Bangs Laboratories, Inc.). Peptides 26 and 27 contained biotin

at the n-terminal and one residue of histidine and cysteine respectively. Peptide 28
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contained biotin-Cys-Phe-His and Peptide 29 in reverse order, biotin-His-Phe-Cys. Due
to the limited availability of the streptavidin coated nanoparticles, only Peptide 28 was
tested since it had the histidine on the c-terminus, which has proven to be effective in the
previous micelle experiments.

Initially, Peptide 28 was dissolved in excess amount directly into 200 pL
streptavidin bead solution and reacted for 2 hours. The beads were centrifuged in a mini
Eppendorf centrifuge for 10 minutes to remove the excess peptide. After the final wash,
the beads were resuspended in 0.1x TB pH 8.5 buffer solution. Upon calculating the
actual concentration of peptide in the solution, we learned that there was only 4.4 uM of
Peptide 28 even after ten times dilution. We decided to attempt to increase the
concentration of the beads using less fluid during resuspention. Initially, 800 uL of beads
were reacted with excess amount of Peptide 28. After the second attempt of dilution,
wash, and resuspention, we attained 22 pM Peptide 28 on the surface of the beads. These
beads were then reacted with 0.5 mM MUBB for 30 minutes with 10 Vpp 10 kHz and 20
Vpp 10 kHz applied throughout the reaction. The controls include MUBB, MUBB with
bead buffer which consists of 0.1 M MES + 0.1 % BSA + 0.05 % Tween 20 + 10 mM

EDTA, MUBB and streptavidin coated beads, and MUBB with Peptide 28.

1.9.2 Results

Figure 42 shows the results from 0.01 mM FDA reacted with gold nanoparticle
functionalized with Peptide 14. There is a clear increase in fluorescence rate once the
substrate is reacted to the peptide attached to the gold nanoparticle. There is a noticeable

increase in the rate once the MUA is attached to the gold nanoparticle. This may be due
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to the carboxylic acid slightly reacting with the substrate or free thiol-alkane molecules in
the solution. Figure 43 shows the reaction rates with applied electric field for the peptide
functionalized gold nanoparticles. This plot shows contradictory results from Figure 42
since it shows that Peptide 14 actually has an adverse effect. Once 20 Vpp 10 MHz was
applied, the reaction rate actually decreased. The controls that contained the thiol alkane
chain on the gold nano particle surface showed a slight increase in rate. This may be due
to the charged carboxylic acid at the end of the alkane chain which is slightly reactive
compared to the bare gold surface.

Figure 44 shows the 0.5 mM MUBB reacted with streptavidin bead and Peptide
28. Clear increase can be seen once the Peptide 28 is attached to the streptavidin coated
beads. When the electric field is applied, there was an increase in hydrolysis rate when 20

Vpp 10 kHz was applied, but not 10 Vpp 10 kHz.
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Figure 42: 0.01 mM FDA reaction rate with 10nm gold nanoparticle attached to Peptide 14 in 600uL
cuvette.
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Figure 43: 0.01 mM FDA reaction rate with 10nm gold nanoparticle attached to Peptide 14 with
applied electric field in 200uL cuvette.



69

e
€ 160
<
3 1.40
S,
g 1.20
e
g 1.00 T
c
8 080
e
§ 0.60
<
¢ 0.40
c
g 020 l
"
g
g 0.00 T T T T T 1
* O o5 o AP Ny o
(s} O e Q
) L 9‘3\‘\ W& ¥ x\Q\‘Q o
OF e @ o 7
W 0%$ ‘3‘(69 x® be
x e o2
@0%% 3\"\6\(\ » \6\(\
\K \Y
S“(QQ S‘SGQ
W W

Figure 44: 0.5 MM MUBB reacted with Peptide 28 functionalized polystyrene nanoparticles and 20
Vpp 10 kHz applied.

1.9.3 Discussion and Conclusion

Throughout the gold nanoparticle and polystyrene bead experiments, it was
critical to measure the actual concentration of the peptide molecules present on the
surface of the particles. Unlike homogeneous reaction and micelles, there is a strict limit
to how much peptide can exist in the solution at one time. Although the particles were
suspended and resuspended at higher density towards the end of the functionalization, we
noticed limits at how concentrated the beads can be before they aggregated out of the
solution. From the UV-Vis absorbance values of known gold nanoparticle solution and
our synthesized nanoparticle solution, we estimated that 6E12 gold nanoparticles were

used for the final reaction. This calculated number of particles does not take in the effect
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of losing any particles during each of the washing and resuspention, which is highly
likely to occur. For the total number of particles, with a generous estimate of covering the
entire beads with packed alkane thiol groups, we still only achieve 15 uM of Peptide 14
on the total surface of the particles. In our previous micelle studies, we showed studies
that used peptide concentration at 2 uM and achieved disappointing results without the
aid the Triton X-100.

For the streptavidin coated beads, the original solution contained far fewer
streptavidin binding sites than expected. For every bead, biotin binding capacity was
calculated to be 4.38 uM in the original buffer. In our experiment, we were able to
concentrate the beads at five times the original bead concentration before the beads
started to aggregate. This concentration effect only achieved a final Peptide 28
concentration of roughly 22 uM in the solution. Once again, this is a generous estimate of
the actual peptide concentration and realistically there is probably an order of magnitude
fewer peptides that actually bonded with the beads. In addition, the streptavidin beads
had a poor surface to volume ratio with its diameter of 110 nm.

In order to account for these low concentrations of the peptide, several
adjustments must be made. The particles must be suspended in a medium which can
handle very high concentration of the peptide coated nanoparticles as well as the
substrates. Initially, the experiments focused on nanoparticles on the order of 10 nm
diameter since more peptides would be aligned with the z-dimensional electric field
within a limited volume compared to larger particles which would have peptides attached
to the side of the nanoparticle. In the same volume, smaller nanoparticles can occupy

more spaces, indicating that smaller volume to surface ratio is ideal. However, small
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diameter nanoparticles contain large amounts of space in between each nanoparticle
where substrates do not come into contact with the nanoparticle. In our future studies, we
would like to focus on using larger particles that can fill the empty volume within the
solution, allowing greater nanoparticle surface to substrate interaction. This concept is
similar to using a bead column for purification which involves particles getting imbedded
or in contact with numbers of beads. In the concluding chapter, we will discuss other
concepts of electric field induced catalysis and the use of nanoparticles in order to

produce turnover.

1.10 Peptide on Gold Surface

In the previous two studies which incorporated peptides with micelles and gold
nanoparticles, one of the major flaws was the misalignment of the majority of the
peptides against the applied electric field. While the peptides were inside of the micelles
or attached to the nanoparticles, majority of the peptides were misaligned against the
vertical electric field that was applied due to micelles and nanoparticles being circular
and electric field being one dimensional. Although consistent electric field was applied to
all particles, peptides that faced 90 degrees from the electric field would have no positive
effect due to the misalignment of the charges. Therefore, only a small portion of the
entire peptide concentration would have experienced the effect that we hoped to see in
Figure 26.

In order to solve this problem, we attached the peptides directly onto the surface
of the gold electrodes. Peptides that contained a lysine at the n-terminal can be attached

to the gold surface similarly to those on the gold nanoparticles. In addition, Peptides 15,
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17, and 19 contains aspartic acid groups at the c-terminal. The negative charge on the
aspartic acid allows the entire peptide chain to be pulled when a positive bias is applied to
the electrodes. As previously seen from the NAMD and VMD simulation, we have found
that the peptide chains with higher rigidity makes the Cys-His bond distance variation to
become smaller, in return allowing higher rate of acetyl exchange between the two amino
acids. The electric field pulling on the aspartic acid will straighten the peptide chains by
applying force on the negative charge. Although this method achieves great control over
the peptide chain structure, the main drawback is the low interrogation volume of the
solution. Since the peptides are attached to the surface, the overall charge of the substrate
must be either positively charged or very close to neutral and must be contained in a very
thin z-dimension to decrease uninterrogated substrates. If the molecules never touch the
surface of the gold slide, the peptides will never react with the substrates. Thinner fluidic

chamber allows the substrates to diffuse towards the surface.

1.10.1 Experimental Methods

Both horizontal and vertical directions of the electric field were applied using two
different layouts of the gold slide (Figure 45). Interweaving lines of gold electrodes (10
nm Ti/100 nm Au) were made by standard photolithography method in the UCSD Nano3
Cleanroom. As shown in Figure 46, the lines were 50 um thick in width and 50 pm apart
from each other. It is important to mention that although the electric field was applied in
a seemingly horizontal manner, the produced electric field were more vertical at the

center of the electrode lines, meaning that the peptides would have electric field applied
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perpendicular to the electrode surface. This would cause the peptides to be pulled away

from the electrode surface as expected.
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Figure 45: Scheme of electric field perturbation in (left) horizontal and (right) vertical electric field.
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Figure 46: (left) CAD diagram of the interweaving 50um thick gold electrodes. Electrodes images
under a fluorescence microscope (center) before and (right) after functionalization of BODIPY die to
confirm MUA-EDC-NHSS-Lys-Peptide bond. Each gold lines are 50 pm in width.

Peptide 14 was functionalized by using EDC-NHSS reduction from MUA
attached to the gold slide. Initially, 1” x 3” gold slides were cleaned with acetone, ethanol,
DI water and dried with nitrogen air. The slides were functionalized with 0.5 mM MUA
in ethanol for 24 hours. The surface was then rinsed with ethanol for 10-15 seconds, dried
and sonicated for 3 minutes. The previous step was repeated three times. The slides were
placed in a plate with 50 mL of 0.1 M MES 0.5 M NaCl buffer pH 6 and 47.9 mg (10
mM) of EDC was added and sonicated for 15 minutes. 14.4 mg (5 mM) NHS was then
added to the same plate, sonicated until everything was dissolved, and reacted for 15

minutes. The slides were rinsed with DI water and dried for further functionalization with



74

the peptides. Peptide 6 was used for the interweaving electrode setup and Peptide 14 was
used for the vertical electric field setup. About 100 uL of 1 mM Peptides 6 and 14 were
dissolved in DI water. 25 pL of peptide were added to the slide and glass slide was placed
on top to spread the solution. After 2 hours of reaction, the slides were rinsed with DI
water and dried.

The deacylation experiments with Ellman’s reagent were carried out with the
Peptide 6 functionalized interweaving electrodes. A 1 mm acrylic fluidic chamber was
used with an acrylic cover on top to hold 150 uL of the sample. 0.9 uL of acetic
anhydride was added in 599 pL of 0.05 M borate 0.1 M NaCl buffer pH 9.5 of which 150
uL was added to the fluidic chamber to prepare for the initial acetylation of the peptides.
After 30 minutes, the fluid was removed from the fluidic chamber and exchanged with
150 pL of Ellman’s reagent. The cathode and the anode of the electrodes were then
connected to a function generator and applied 10 Vpp 10 MHz and reacted for 3 hours
and 23 hours. Once the reaction was finished, the fluid was taken out and diluted in 450
uL of Ellman’s reagent to have total volume of 600 pL. Controls for this experiment
included functionalized gold slides without applied electric field.

For Peptide 19, vertical electric field was applied to the electric field by placing
the sample fluid in between two gold slides without a fluidic chamber to reduce the gold-
gold distance to minimum amount. Peptide 19 was functionalized to the bottom gold slide
similarly to Peptide 6 with 11-mercaptoundecanoic acid-EDC-NHSS reduction. The
thiol-alkane reaction was preceded for 48 hours instead of the previous 24 hours for

Peptide 6 functionalization.
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Once the functionalization was completed, acetylation reaction with 0.05mM
MUBB was tested in 0.1x TB pH 8.5 at room temperature. In order to minimize the
uninterrogated volume of sample, there was no fluid chamber used and instead, the gold
slides were simply placed on top of each other with the 20 uL of sample fluid in between.
This created a 1” x 1” square chamber in which the sample fluid was free to expand.
Knowing the initial sample volume and the surface area, the height of the fluid was
estimated to be roughly 10-20 um. Once the fluid was properly set, 10 mV DC or 20 mV
pulse at 50 % duty cycle was applied and the reaction was continued for 30 minutes. The
reaction was terminated by removing 2 uL of the sample from the slides and diluting it
1:10 in DMSO. The products were measured in Tecan Fluorometer with Infinite 200

PRO NanoQuant plate which requires 2 pL of each diluted sample.

1.10.2 Results

The results for Peptide 6 on the interweaving electrodes are shown in Figure 47.
From 3 hours to 23 hours, there is little difference seen that suggests that there was any
increase in reaction with the electric field. The initial 23 hour run with electric field
showed a substantial increase; however, this results could not be repeated for any other

day (12/8, 12/10, and 12/11 denotes dates of the experiment).
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Figure 47: Peptide 6 gold surface electric field rates.

Figure 48 shows the results of fluorescence increase from the acetylation of 0.05
mM MUBB in the vertical gold slide device which the bottom slide was conjugated with

Peptide 19 (Ac-Lys-Gly-Phe-Cys-Phe-His-Phe-Asp).
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Figure 48: Rate of fluorescence increase from 0.05 mM MUBB reacted in vertical electric field gold
slide device.
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The first control involved taking 2 pL of the reaction sample from the tube and
diluting it with DMSO. The second control involved taking 2 pL of the reaction sample
from the gold slide device which has no peptide conjugated to the bottom gold slide.
Each electric field setting was tested in conjunction with gold slide with and without
Peptide 19 conjugation. The Peptide 19 conjugated gold slide showed over two times the
average reaction rate compared to the two controls. This result clearly shows that the
substrate is coming into contact with the peptide on the surface and acetylating which
confirms that the method was successful. Upon applying the two forms of electric field,
10 mV DC and 20 mV pulse 1 kHz at 50 % duty cycle, there was no significant
difference seen with gold slides with and without Peptide 19 conjugated. Noticeable
evaporation was also seen from devices with applied electric field, indicating the possible
increase in the temperature which would be detrimental to the rate constant
measurements. Due to the small volume between the gold slides (20 pL), we were only
able to obtain 2 pul. with decent consistency. Several measurements were omitted due to
the lack of sufficient sample removal due to evaporation. These errors have contributed
significantly and can be seen with the large error bars especially for the Peptide 19
combined with the two forms of electric field. Although the application of electric field
showed inconsistent and insignificant results, the overall experiment showed promise in
conjugated peptide surfaces by proving that the platform in which low volume/large
surface area devices can be used to create an environment in which substrate to peptide
contact is increased. In the future, any lysine terminated peptides can be used to be

conjugated on a gold surface using a similar experimental design.
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Conclusion

1.11 Homogeneous Peptide Catalysis

Catalysis using nanostructures have been investigated for decades and some have
started to claim that they are producing real turnover with purely synthetic chemistry.
However, there is a clear lack in effort in replicating the truly mechanical nature of the
enzymes. In our studies, we designed and tested a series of peptides in which contained
the catalytic group of cysteine protease, papain. We have successfully demonstrated that
not only the distances between the two catalytic amino acids, but the movements they
make are critical in terms of transferring the acetyl group cleaved from the substrate. The
minute change in the dynamic motion created by the peptide backbone has significant
impact towards the acetyl group transfer rate between the cysteine and the histidine. From
the studies of Peptides 14 through 19, it has shown that there is little effect of the aspartic
acid group which is the third member of the catalytic triad. However, by adjusting the
length of the peptides, we were once again able to confirm the importance of the motion

of Cys-His interaction. Throughout these studies, molecular modelling simulation has

78
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shown promising results by measuring the distances between the two residues and the
end-to-end distance of each peptide throughout a certain time scale. In the future, we
would like to continue to pursue designing the peptides through simulation in order to
achieve a more solid backbone that allows greater interaction between the cysteine and

the histidine.

1.12 Heterogeneous Peptide Catalysis

Although the homogeneous studies with peptides have shown great promise and
provided us with insight towards the requirement of structural rigidity of the peptide
design, the actual implementation of these structures is still very difficult. Also, in the
homogeneous peptide studies, we have focused on producing a greater acetyl exchange
rate between the two amino acids, but we have yet to discover a method that can
efficiently bring the acetyl-histidine group further away from the cysteine to prevent
back-attack. The electric field approach is a simple idea that takes advantage of the
charge changing state during the interaction between the substrate and the peptide. The
key issues that we faced were: 1) applying the electric field at the right moment when the
acetyl group is on the histidine instead of the cysteine, 2) applying the electric field in the
right direction or aligning the peptides with the electric field. The first issue is extremely
difficult to tackle due to the difficulty of knowing how frequently and how long the
acetyl group stays on the histidine before the cysteine attacks. Although we have
performed Ellman’s reagent tests, it does not provide an exact length of time in which
each event to occur. Also, each peptide reacts at different time in a different space. Due

to these variables, applying a single electric field pulse may have little effect on the
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overall catalysis. A possible solution to this may be applying a constant positive bias DC
electric field to align the peptides first and then applying an electrical pulse in addition to

move the acetyl-histidine away from the thiol anion.

1.13 Future directions

1.13.1 Peptides

As explained previously, a highly rigid backbone of the overall peptide increases
the interaction between the catalytic groups. This can be achieved in homogeneous
solution by controlling the two ends of the peptides. We have plans on creating cyclic
peptides that contain multiple cysteine histidine residues. By creating a closed loop of
peptides, a highly stringent structure can be built. Several other techniques that can be
used are attaching the catalytic groups to DNA hairpin structure or DNA origami.

Besides studying the effect of Ellman’s reagent to measure the acetyl-transfer
rates, we have searched for methods using a fluorescent thiol ester to see the acetyl group
leaving in real time. By attaching a fluorescent thiol ester to a surface, fluorescent
microscopy can be used to directly view the decrease in fluorescence once the fluorescent
acetyl group deacylates from the thiol. Although catalytic rates can be measured through
UV-Vis or fluorescence increase of the entire solution, due to our focus on measuring the
rate of a single mechanism of the entire substrate cleavage process, a specific method for
each reaction must be used. One problem while running these experiments is that,
enzyme substrates are becoming increasingly difficult to find in general chemical

catalogues due to the lack of popularity and increased focus towards general substrates.
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Knowing these challenges, we have come to the conclusion that there are still vast

arrangements that peptides can be designed to produce catalysis.

1.13.2 Micelles & Nanoparticles

Of course, synthetic enzymes in micellular environments can be combined with a
variety of other formats, including devices that provide electrical fields or fluidized beds
to provide further enhancement of reaction rates. Below, we describe several such
formats.

We have recently started the study of synzymes that will mimic the behavior of
desaturases. Although desaturase mimics will require different chemical structures, such
synthetic enzymes can also be combined with micelles and devices that provide electrical
fields or fluidized beds. We chose to model the active sites of soluble desaturases because
of the availability of X-ray crystallographic data. Such active sites contain four glutamic

residues and two histidines, which coordinate with two iron atoms(76, 77).
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Figure 50 shows synthetic enzymes immobilized on particles can be used in a
fluidized bed format. Here the synzymes are interspersed with amphiphilic polymers
bound to the surface, which are shown in blue. Fluid circulation in the fluidized bed
enhances the perceived reaction rate by moving the substrate near the synzymes on the

particles. Products are removed through a membrane that blocks the escape of the

particles.
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We have also envisioned another fluidized bed format in which the sulfur and
imidazole groups are on different particles. Here, the imidazole groups would be on
smaller, more numerous beads beads because, otherwise, the more reactive sulfur would
be likely to participate in a back attack on the acyl group, thus halting the reaction. Once

again, the bead volume to surface area ratio must be considered with care in order to
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Figure 52: Lipase Mimic in a Flow-Through Device.

Multi-Tube Cartridge

In Figure 52 synthetic enzymes are coated onto or covalently linked to the inner
surfaces of the channels in the flow-through device or cartridge with a great amount of
surface area provided by the channels. The synzymes can be interspersed with
amphiphilic polymers composed hydrophobic linker groups with hydrophilic end groups,
shown in red. Typically the end groups would be hydroxyls or other relatively non-

reactive groups. The amphiphilic polymers provide a hydrophobic environment to attract
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hydrophobic substrates. In addition, the amphiphilic polymers minimize crowding or
steric interference between active sites. Such amphiphilic polymers can also be used to
passivate the surfaces of the channels to prevent the active sites from sticking to the
surfaces. The active sites are composed of cysteine and histidine residues with other
amino acid residues between them to facilitate the correct orientation of the thiols and
imidazoles. The fluid flow through the cartridge should increase the perceived rate of the
reaction by bringing the substrate near the active sites and removing the products, which

will prevent them from participating in back reactions.

1.13.3 Electric Field

Figure 53 shows another use of electric field by separating the thiol peptide and
the substrate by a difference in charge. Within a imidazole coated capillary tube,
substrates and Cys-Arg-Arg peptide can be reacted to achieve an acetyl-thiol-Arg-Arg
chain. By flowing the reaction product over the histidine, the acetyl groups can be
removed. Since the removed product will have a positive charge and the remaining Cys-
Arg-Arg has a net positive charge, the applied electric field will remove the substrate
products while capable of reusing the Cys-Arg-Arg chain for further reactions. Although
these devices are not complex, they will require a complete knowledge of the current
back-attack problems. Implementation of these techniques would be rather simple and

will allow the technology to scale into producing a large volume of products.
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