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Abstract

The objective of this research is to create edanatimodels that explain concepts in catalysise&lttimensional
depictions of a combined catalytic reaction aratme by the Z Corp Z406 Color 3D Printer and Seledtaser
Sintering (SLS) Machine. This particular combipatreaction illustrates the conversion of d-gluctmsd-mannitol
using an enzyme, glucose isomerase, and a copiadystaOne model depicts substrate and transgiate binding
in an enzyme through the use of two different typiggermanent magnets, which serve to simulatemwifft binding
strengths. A second model depicts the conversi@amaftermediate product to an end product, d-mahrhrough
metal catalysis. Two other models illustrate swdtstrenzyme binding described by the lock and kelyirstuced fit
theories. Another concept, collision theory, igslrated using models which highlight the importean€molecular
orientation for initiating a reaction. This “cataly teaching kit” illustrates concepts that aretypically depicted
three dimensionally. The benefit of a kit whiclpiis combination catalysis projects to a varidtgudiences.
Researchers in the chemical industry can learn frxdels which depict a cost effective and efficigrdcess. The
models also serve as an instructional tool in efilueastudents can use the tools to clarify sulsjgcthemical
kinetics. Such a kit will benefit educators becaitififustrates complex concepts in biology androigry in a
manner that is both simple to teach and understand.
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1. Introduction

With advancements in the field of science and teldgy in the present day, it is becoming an indrepshallenge
to grasp basic scientific ideas. Published knowdeidghe fields of biology and chemistry typicafisovide
shapshots of seemingly invisible processes—ceisidin and carbon bonding for example—that cannot be
witnessed with the unaided eye. This project aomsréak down conceptual barriers regarding theesulof
catalysis in a kinesthetic manner that not onlyifi¢es important concepts dynamically, but also ayes the
audience into tactile exploration. The models @éan this research are innovative in the way thay employ the
use of electronic devices and magnet implantatiethods freshly and creatively.

Catalysts are used in common chemical reactiookiding the degradation of the ozone layer syhesis of
sugars in the body, and the conversion of harndulkeenissions to bio-friendly gases. Enzymes caedpp
chemical reactions by more than 10 million timepplcations of the catalytic process appear in gdal circles,
particularly in pharmaceuticals and chemical congmwho can recreate catalysis to produce medicajisdfor the
health industry or products such as fuel and cadtarautomobiles. The computer industry is ablertoduce PC



units using polymer-producing technology with thedphof chemical catalysts.

Biological processes rely on catalysts for theversion of digested materials to metabolicallyfubproducts.
Enzymes are numerous in nature and critical forggnproduction for life forms such as bacterianda and
animals. Chemical catalysts are used industriallgréate beneficial consumer products. Becaudeeahtportance
of both, this research focused on depicting a bickl catalyst in conjunction with a chemical casal The models
depict concepts of a catalytic process in a steggwianner, so as to hopefully allow for a broadstupe of
otherwise abstract ideas. The benefit of such aeineill also serve to help people understand tffieidinces and
similarities between two different types of catédys

1.1 catalysis

Catalysis is the acceleration of a reaction by reedra material, called a catalyst, which is itsglf consumed by
the reactioh Catalysts may be solids, liquids, or gases, aadaver depleted during the reaction. Heterogesieou
catalysis occurs between mediums in different stdte example, gas molecules reacting on metaisndjeneous
catalysis occurs between mediums in the same #tetiwation energy is the minimum amount of heatantiation
required to activate molecules to a condition inchtht is equally likely that they will undergo aemical reaction
as it is that they will return to their originabgt. The purpose of a catalyst is to provide tarradte path for a given
reaction at a lower energy of activation, enabtimgreaction to proceed at a much quicker ratevaibn energy is
lowered as a function of the enzymatic reaction gmudiucts are formed quickly. That is, if the titing state is
bound more tightly than the substrate, which maguobecause of bond strain and destabilizationetfeet will be
catalysis’

Common models that describe catalysis includeattiivation energy curve, illustrated in Figurevhjch shows
starting materials as they proceed through a @aciihe energy needed for reactant activation é&amme with the
help of the catalyst, and substrates peak at tifeekt energy state (transition state). Materidés liach product
form and the total amount of energy released dufiegeaction is the net energy.
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Figure 1. Activation energy curve

1.1.1 collision theory

The collision theory of chemical kinetics assuntes tn order for a reaction to occur it is necegéar the reacting
species (molecules or atoms) to crash into onehanetith enough force to enact a chemical reacfitwe. collision
must have a sufficient amount of energy to overctimeactivation energy needed to proceed to a jgtodu
collision will only be effective, however, if theactants can come together in a compatible orientato as to
break bonds between the reacting species.



1.1.2 enzymes

Enzymes are biological catalysts. They are protiasconvert natural materials into expendabl&pcts to be
used or disposed of by an organism. Most enzyneesudrstantially larger than the substrates that¢h&alyze, and
only a very small part of the overall structur@dsually involved in the processTypically buried within the
enzyme is a pocket in which the changes to a satesdire made. This pocket is known as the actiggand
contains specific molecules which act to break lauittl bonds of a substrate. Residues, or amire grcups
within the active site, are crucial for forming neanformations of the initial material, thereby obang the
properties of that material and creating an endigcb Substrate docking versus transition statdibg involves
the concept of affinity. The substrate in an enzjen@action binds into an active site, and changésin the
enzyme are induced. The enzyme changes slightdgréorm to the bound molecule with the approprédtiity.
The lock and key theory states that as the substiradergoes changes approaching the transitiae #tatstrength
of which the changing complex is bound into thévacsite increases.

(a) Lock-and-key model
 Active site_Substrates

A P ' o
&dad Tad BB

Enzyme Enzyme-substrate Enzyme Product
complex (unchanged)
(b) Induced-fit model

Substrates
/ \\

vl % |

Enzyme Enzyme-substrate Enzyme Product
complex

Figure 2. Enzyme-substrate binding

The lock and key theory, originated in 1894 by ERidcher, and the induced fit hypothesis, origiddig Daniel
Koshland in 1958, both state that a substrate biitlgn the active site of an enzyme that has aigposed shape
for that substrate. Figure 2 illustrates the défeces between the two ideas. The lock and keyyhie@ more static
depiction of enzyme specificity, and maintains tiwat site to which the reactant binds stays irstirae
conformation before, during, and after binding. kand key theory was replaced by Koshland’s induited
hypothesis, as it states that the enzyme actigdssgienerally shaped for the substrate, but thanges
conformations more specifically as the substratibisked into the sité.

1.1.3 combined catalysis

Knowledge of the concept of combined catalysis becprevalent in the 1980s. Dr. Tom Kieboom of thedh
State Mines (DSM) company, an active leader initiaial and pharmaceutical ingredients, worked esiteely in
the 1990s with a process which produced sugamslitien suspended with enzymes and metal to effelgti
produce synthetic sugars used in f8od.

The process combines two or more different gatalto produce specialty chemicals and food irigred in an
effective and cost-efficient manner. Classifiedsbientists as one pot multi-catalytic synthese=ssdtprocesses can
feature an enzyme as a starting catalyst, whiah siraultaneously converts a starting reactantgooduct without
the physical separation of intermediate produdi® fesult of the end enzymatic synthesis can teendated by a
chemical catalyst—either a metal or acid-base coatlin—to create a final product. Such productslzea
utilized, for example, by the health care indugtrpharmaceuticals and especially in agriculturéeddizers and



pesticides. Combined catalytic processes are peajdry Kieboom to be especially useful in the fatbecause they
will ultimately increase product yields and lessle® exposure of toxic chemicals to industry workers

The reaction depicted is the conversion of alipgducose to d-mannitol, which is a nutritive stegeer typically
used in “sugar-free” gum and for pharmaceuticappees. First developed by Michiel Makkee in the9&he
conversion of glucose to mannitol was chosen asd@ehfor the combined catalysis concept becauss of
widespread usage in medical and consumer industiesstarting solution of glucose is typically aibed by the
hydrolysis of sucrose and then treated through éstation using an enzymatic catalyst. Alpha d-ose is
produced in mixture form as a by-product, alonghwitxylitol, and is then simultaneously converteditmannitol
in the presence of a copper catalyst, suspendsdicea

1.2 glucose isomer ase

The synthesis of glucose into xylitol and fructéserovided by glucose (xylose) isomerase. The compractice
is to use bacterial species of the protein, thet mm®mon forms bein&treptomyces olivochromogenes,
Streptomyces violaciniger andStreptomyces rubiginosis. All of the proteins catalyze in virtually the samway in
nature, differing by one or two amino acid sequsrfoe each corresponding residue in the active $hés project
focused or8treptomyces rubiginosus, as the combined reaction modeled by Kieboom aesdaates used the
species.
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Figure 3.Streptomyces Rubiginosus®

1.3 copper hydrogenation

Copper, a common metal used in industry, is uselddrconversion of glucose to mannose becauselitsjthe
most optimal levels of the product in comparisootteer commonly used metals, including Rainey-Nicaad
nickel on silica. The selectivity of the d-manniésitantiomer is also preferred at a 30% increassnwbpper is
used as a catalyst. Hydrogen atoms are introductdtie surface of the catalyst, which is suspemaedsolution,
and then act to attach themselves to the d-frucpseies via the formation of hydrogen bonds. Tekresult is the
formation of d-mannitol in a linear conformation.

2. Methodology

An electronic device and over 10 digital files weraployed to produce the three dimensional depistfor this
research. The use of computer technology allolwedatonversion of files to compatible programs, ted
implantation of electrical devices in the modeldmthem dynamic and kinesthetically illustrative.

2.1 protein data bank and CAD programs

The RCSB Protein Data Bank is a server that comffilles of biological macromolecules for the studytheir uses
as they relate to structure and functivfihe files are converted into digital form fromadnfnation atomic
sequencing in proteins generated by X-ray crysiadiphy, which is a process that determines atoangements
within a crystal using X-rays scattered by electibime protein data bank currently features ove®@@ atomic-
resolution structures of proteins, including 5 meds Streptomyces rubiginosus. S. rubiginosus was downloaded as
a PDB file and then formatted using RasMol, a CorpAided Design (CAD) program which allows proteio be



manipulated three dimensionally. The active sits isalated from the rest of the protein, and irttva molecule
groups, or residues, were highlighted with respesubstrate and transition state analogue inferectMagics
software was used to enlarge and duplicate a djixbview of the active site cut. Magnet holes Finding of the
molecules in the active site were also createdgudiagics software.

2.2 rapid prototyping

Rapid prototyping is a process which takes a cderaed, three dimensional format of an object emalverts it
into free solid form. The Z Corp Z406 Color 3DrRer and the Selective Laser Sintering machine Werdéwo
types of Rapid Prototyping machines used to cristenodels for this research.

The Z Corp Z406 is a printer which uses Compaided Design (CAD) files to produce colored, plugsiparts in
3D. The machine lays colored slices of a three-dsimnal optimization layer by layer, eventually ¢ucing a
solid, opaque part. The SLS printer melts plastio$ powders using a built in laser powered by aadioxide
gases. A CAD file is sent to be processed by thehina and layers of plastic or powder are fusedming the
dimensions specified by the file

2.2.1 enzyme modeling: biological catalyst

The enzyme model was created using RasMol and tberg Z406 Color 3D Printer. Substrate and tramsistate
complexes (intermediates) will be featured. The ehdtdelf will have permanent magnets implanted e active
site on four residues. These residues, Histamin&h#amic acid 81, Aspartic acid 245 and Tryptapt&7 bind
compatibly with the starting molecule, alpha d-gls€®. This substrate is implanted with a charactesgity weak
magnet, aluminum-nickel-cobalt (alnico), which dsdhto the active site and binds loosely. Neodymiu
permanent magnets were implanted into the tramsgtiate species, which then binds into the actteevdth a
noticeable stronger attraction. Each magnet holdsadifferent degree of magnet pull. The inteiatd
correspond to the idea that the transition stageisp is of higher affinity than the starting maikec

neodymium magnet
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Figure 4. Active site cut of glucose isomerase wigimsition state



2.2.1.1 magnets

Permanent magnets were implanted into the substratéransition state analogues of the enzyme mdtiel
enzyme active site houses four sites for magnefaimigtion. A maximum of four neodymium magnets make
contact with the substrates in the active sitdhefdnzyme model at a time. The initial substratdehbouses two
alnico magnets. The transition state molecule otlee permanent neodymium magnets. All neodynmagnets
used were disk shaped and posses a .125” dianéirlnico magnets have .2” diameters and aredmtial.
Neodymium is 20 to 40 times stronger than sintadaitd™®. The use of different magnets to compare condapts
chemical kinetics such as binding affinity has Ibe¢n depicted in molecular models; this approagmisvative
and interactive.

2.2.2 metal catalyst model- heterogeneous catalyst

The metal catalyst model was created using theNachine. The catalyst is a layered “sheet” of moles.
Copper atoms were represented by 1” spheres, nbonta platform which provides stability and alsu$es the
linear voice actuator. The heterogeneous catgbyticess is depicted through a progression ofstaps:
» Adsorption, or the attachment of substrate to the surfadbeo€atalyst,
» Diffusion, or the interaction between the adhering molecatel the substance,
* Reaction, or breaking and connecting of bonds between ratdsgresent in a solution and the substrate
» Desorption, or the release of a product from the surfacdefcatalyst into the solution.

Each of the first three steps is depicted usiotecules produced by the Z-Corp machine. Botlsthestrate and
model were implanted with magnets to simulate ligdiction on different activity sites on the suefad the
model. The launching of the product by the voicit @epicts the release of the end product fromstinéace. The
model proves to be an interactive tool for studesdst simulates the behavior of molecules in matu

Figure 5. Heterogeneous catalysis of d-fructosa oopper surface
2.2.3 lock and key and induced fit models

The lock and key theory and induced fit hypothesise illustrated three dimensionally using SLS tetbgy. The
lock and key depiction features corresponding pstahich fit together similar to the manner in ethactual key
fits a lock. The induced fit model borrows the sarase shape as the lock and key model, howevebjrideg is
depicted in screw and lock form. Threads were ebdduout on the substrate model and extruded irrizgme; the
action of fitting the models together represenésgradual conformity of substrate settling intoyane, which
possesses a general shape for the substrate.



2.2.4 collision theory model

Collision theory was depicted using SLS technoldgye model highlights the orientation rule using #ame 4”
blocks as used in the induced fit model. Usingstume models to illustrate different concepts alltveskit to be
more portable. Two pairs of the induced fit modigpict the collision of molecule pairings “A” atid” in an
orientation that is most desired for a chemicattiea to occur. Collision theory model uses bakigpes to
illustrate fruitful and unfruitful collisions.
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Figure 6. Collision Theory Model

2.2.5 linear voice coil actuator

A linear voice actuator is a two wire device usedatary-motion machines using linear forces amghhi
acceleration. Itis comprised of a coil which sifthin a cylinder that possesses a magnetic fidgldn powered.
The coll, referred to as the bobbin, sits uponxdruded shaft and inserts loosely into a groové ¢hales the inner
diameter of the actuator pieteWhen current ran through the device, a magnetld funs around the groove,
enabling the coil to move upward. The actuator iwgsdanted into the model to simulate the movemént o
molecules off of the surface of a metal catalysie Piece used had a 1.56” diameter and allowedxénman of 25
volts run over it. The actuator was run at a 1% r@ximum however, and produced the desired lefvelevation.
The molecular model was shot up a distance of ®nmounted onto the surface of the bobbin. Theasmtu
extends upward quickly as a current is passed gtrdureleasing the final product. The linear woail used in
this research was produced by the BEI Kimco Compantystands 1.2” tall with a 1.56” diameter.
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Figure 7. Linear Voice Coil Actuatdr

3. Conclusion

The end result of this research provides both acaibnal tool and resource for educators and astsd&tudying
the combined catalytic reactions will enable reslears to perhaps develop methods of producing tridus
materials, in which chemical and biological reagti@an be joined to provide resource and costtafeeways of



producing a given product. The concept of chenkoadtics can be more clearly illustrated with thse wf such a
catalysis tool kit. As science students learn ¢tinetically, they gain from learning abstract pssees along with the
ideas and definitions behind them. Such tools nethk subject of research in the future; the tdieensional
depiction of a concept and its associations inlstimmanner.
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