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Abstract

Since the biochemical industry is a new area of growth for chemical engineering
graduates, the University of Tennessee is broadening its curriculum to include
bioprocesses in the unit operations laboratory. The production and purification of L-
lysine is an important industrial process and has been chosen as the bioprocess lab
experiment. A senior lab group is running the bioreactor to produce L-lysine by
fermentation of the bacteria Corynebacterium glutamicum. The lysine produced in the
reactor will be purified by ion-exchange chromatography. The lysine will bind to the
negatively charged column and release from the column when a buffer changes the pH of
the column, changing the charge on lysine to a neutral charge. After the purified lysine is
collected, a reaction catalyzed by saccharopine dehydrogenase will be used to quantify
the yield of lysine from the reactor according to absorbance changes in the solution as the
lysine reacts.

In order to add the bioseparations process to the current lab curriculum,
experiments were conducted to determine the operating conditions of the column and to
achieve an effective purification of lysine. The column bed volume, capacity, and resin,
as well as the buffer solutions for an effective purification of lysine must be determined.
Pump flow rates, loading times, and sample collection times and intervals will also be
critical to the operation of the chromatography column. The approach to determining
these conditions involved gaining a general understanding of ion-exchange
chromatography and running trial and error experiments. This approach was found to be
time consuming and resulted in no favorable results. However, ideas to improve this

method were developed and future work should proceed at a faster rate.
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Introduction

The biochemical industry is a new area of growth for chemical engineering
graduates. In order to prepare students for careers in this industry, the University of
Tennessee is broadening its curriculum to include bioprocesses in the unit operations
laboratory.  Important units of the typical bioprocess include fermentation and
bioseparations. The production and purification of L-lysine is an important industrial
process and has been chosen as the bioprocess lab experiment.

The bacteria Corynebacterium glutamicum produces L-lysine by fermentation in a
bioreactor. To include bioseparations in the lab, an ion-exchange chromatography
column will be utilized to purify the lysine produced by the bacteria. The lysine will bind
to the negatively charged column and release from the column when a buffer changes the
pH of the column, changing the charge on lysine to a neutral charge. After the purified
lysine is collected, a reaction catalyzed by saccharopine dehydrogenase will be used to

vquantify the yield of lysine from the reactor according to absorbance chapges in the
solution as the lysine reacts.

Dr. David Shonnard and Dr. David Odde at Michigan Technological University
have researched the separation of lysine by ion-exchange chromatography. Their method
has not been successful. However, this probosed experimental method will be evaluated
and improved at the University of Tennessee so that the experiment can be introduced to
the senior chemical engineering lab course. The focus of this project is to determine

experimental parameters for the bioseparations lab that result in a successful separation of

lysine.



Background
Chromatography Principles

Ion-exchange chromatography is a powerful separation method capable of
separating components with only minor differences in properties. It depends on the
reversible adsorption of a charged molecule in a mobile phase to a stationary substance
with the opposite charge. The ionic strength and pH of the mobile phase entering the
system control the adsorption of molecules to the stationary phase. This allows selective
desorption of molecules according to ionic strength.

In an ion-exchange process, starting conditions are chosen so that the desired
solute molecules will bind to the column. The desired solute must have the charge
opposite to that of the stationary substance. These solute molecules will bind to the
stationary substance or resin in the column while the remaining solution will pass through
the column. The desired solute molecules are removed by changing the ionic strength or
pH of the entering solution. The change in pH or ionic strength causes the charge of the
solute molecule to become neutral. The neutral charge of the molecule prevents it from
binding to the stationary phase of the column so the molecule is released from the
column. The column resin will release molecules according to their binding strengths;
weaker binding molecules will desorb before molecules of stronger binding strength.
The resin is regenerated by washing the column with a solution to remove the solute
molecules and replace the charged solute particles with the counter-ions originally
present in the resin.

The total capacity of the resin is the number of charged ionic substituent groups

per milliliter of expanded resin. The available capacity of the resin is the actual amount



of charged groups that can bind to an ion exchanger under a specific set of experimental
conditions. Experimental conditions that affect resin capacity include temperature, buffer
strength, pH, nature of counter-ions, and process flow rate. Properties of the substance to
be separated, such as molecular weight, charge, and pH sensitivity, also affect the
capacity of the resin.
Lysine Properties

L-lysine is a basic amino acid often used as a food additive. Most synthetic
methods of lysine production result in formation of the “D” configuration of lysine or of
a mixture of the “D” and “L” forms. Bacteria fermentation is a method of lysine
production that results in only the favorable “L” configuration. The structure of L-lysine

is shown as Figure 1.
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Figure 1: Structure of L-lysine

Three hydrogen ions dissociate from the amino acid as pH changes. The
hydrogen ion will dissociate when the pH reaches the pKa value of the ion. The pKa

values for the lysine hydrogen ions are shown in Table 1.
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Hydrogen Ion pKa Value

a-COOH 2.18
o-NH;" 8.95
g- NH;" 10.53

Table 1: Lysine pKa Values (Segal, 1976)

At pH values lower than two, lysine has a charge of +2. However, as pH
increases, hydrogen ions dissociate according to their pKa values, and the charge of the
lysine decreases to —1 at a pH above 10.53. The charge of lysine can be determined by a
pH curve shown in Figure 3. The pl of an amino acid is defined as the pH at which the
amino acid has a net neutral charge. For lysine this occurs at the pH that is equal to half
the distance between the second and third pKa values and has a value of 9.74. This can

be seen by the pH curve and is calculated by the following equation:

(pKa, + pKa)
2

pl =

Theoretically, lysine should bind to a cation exchange chromatography column at
any pH below 9.74 and should begin to desorb from the column when the high pH buffer
causes the pH to reach this value. Since lysine has a very high pI value and requires a
very high pH buffer to be removed from the chromatography column, other amino acids
in a mixture should leave the column long before lysine and this method of separation

should be very effective.
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Figure 2: Lysine pH vs. lonic Charge

12.00

10.00

8.00 -

6.00

4.00 -

2.00 /

0.00

pKa1

pKa2

pKa3

2.00

1.50

1.00

T

0.50
Lysine lonic Charge

0.00

-0.50

-1.00



Quantification of Lysine
The processes available to determine the amount of lysine produced in a
fermentation process are tedious and time consuming. One process for the quantification

of lysine is the following reaction catalyzed by saccharopine dehydrogenase.

lysine + o - ketoglutarate + NADH + H* ¢ SechaopneDebydrogmase_, o ccharopine + NAD' + H,0
(Nakatani, 1972)

Since NADH absorbs light at a wavelength of 340 nanometers, the concentration of

lysine can be determined by measuring the disappearance of NADH during the reaction.



Experimental Method

Protein Separation

The first experiment performed in the lab involved the separation of anion
exchange protein standards according to the procedures listed in the instruction manual
for the BioLogic LP Starter Kit. The purpose of this experiment was to gain an
understanding of the Biologic equipment and its capabilities for ion-exchange
chromatography. The fraction collector and the main chromatography system were
programmed for the desired separation and the resulting data recorded by the Data View
Program matched the profile in the Starter Kit.
Previous Lysine Experimentation

Dr. David Odde at Michigan Technological University is presently researching a
procedure for the separation of lysine by ion exchange chromatography. His previous
work was used as an initial method of separation to be modified and improved after a
“clean run” was achieved in this lab. Three lysine separation runs were conducted this
semester. All three procedures used the same concentrations of solutions. First, 0.4M
lysine was fed to the column. Then a neutral wash, which consisted of a 0.01M K;HPO,,
0.15M NaCl solution, was fed to release any excess lysine that did not bind to the column
or any other impurities. Feeding of the low pH buffer and then the high pH buffer
followed this step. Buffers consisted of potassium tetraborate tetrahydrate solutions of
pH=10.2 and pH=11.5. The final step regenerated the resin by feeding the neutral wash

to the column to wash the buffers from the column.



Column Resin

The Dianion SK1B resin was chosen for the first two runs of the lysine
purification process because it is a cation exchanger that is readily available in the lab.
The capacity of the resin was determined by the given capacity of 1.9 meq/mL for the
resin and a calculation of the bed volume of the column (Sigma, 1996). The column was
packed with the resin and filled with water to keep the resin wet. In an effort to duplicate
the method suggested by Dr. David Odde, the Sephadex C-25 resin was ordered and used
to pack a column for another run of the lysine purification process. The capacity of this
resin is 480 mmol/L (Odde, 1999).
Chromatography Parameters

After the resin capacity had been determined, the flow rates and volumes of
lysine, buffers, and wash were determined. A flow rate of 5 mL/min was chosen for the
pump. The volume of lysine fed to the column was determined by the capacity of the
column. This volume determined the volumes of neutral wash and buffers fed to the
system to elute the lysine from the column. Times required to feed the calculated
volumes of solutions were determined and programmed into the Biologic LP
Chromatography System and the desired fraction collection times were programmed into
the BioRad Model 2128 Fraction Collector. A summary of the loading times is located in
Table 2. The chromatography process was run and the samples were collected and frozen
for a lysine assay analysis at a later date.

For the first run of the lysine purification process, samples were collected only

after the addition of the high pH buffer. In the second run of the process, samples were



collected from the last minute of the first wash step to the end of the experiment. The

waste solution collected from the start of the experiment was also frozen for analysis.

Solution Loaded | Run 1 Loading Times | Run 2 Loading Times
(min) (min)
Lysine 22 10
Neutral Wash 16 7
Low pH Buffer 16 7
High pH Buffer 16 7
Neutral Wash 16 7

Table 2: Solution Loading Times

Lysine Assay

To quantify the amount of lysine purified by the chromatography separation, the
saccharopine dehydrogenase reaction was used. Quantifying the amount of lysine in each
fraction collected by the fraction collector also revealed the time the lysine desorbed from
the column. NADH and o-ketoglutarate solutions were made according to the
concentrations in Table 3, determined by the senior lab group conducting the
fermentation process. A 0.1 molar phosphate buffer was used to prepare these samples.

The reaction was prepared by mixing a sample from each fraction collected with
both reactants. A control sample was prepared by adding buffer in the place of the
sample fraction. Volumes added to the cuvettes are recorded in Table 4. The enzyme
was added to the cuvette and the initial absorbance at 340 nm. was read in the Beckman
DU 520 Spectrophotometer. This absorbance was recorded for each cuvette as the initial
absorbance of NADH in the cuvette. After the reaction had proceeded 30 minutes, a

second absorbance reading was taken as the final absorbance of unreacted NADH. The



changes in absorbance of the sample fractions were compared to the change in
absorbance of the controlled buffer. The differences were recorded and compared to a
calibration curve developed by the senior lab group to correlate the change in absorbance

to lysine concentration.

Substance Mass (g) | Volume Buffer (mL)

o-ketoglutarate | 0.0572 4

NADH 0.011 4

Table 3: Assay Solution Concentrations

Substance Volume
(microliters)
Sample Fraction 100
(or buffer)
o-ketoglutarate 100
NADH 100
Buffer 2,000
(0.1M phosphate)

Table 4: Assay Reaction Components

10



Results and Discussion

No significant amounts of lysine were found in the samples from the first lysine
purification process by the saccharopine assay. In this experiment, only samples leaving
the column after the high pH buffer was added were saved for analysis. Since the low pH
buffer (pH=10.2) has a higher pH than the pl for lysine, it was hypothesized that the
lysine was eluting the column when the first low pH buffer was added to the column.
Thus, fractions were collected after the first buffer was added on the second trial run.
However, no significant amounts of lysine were found in any of the samples from this
experiment. Part of the “waste” or solution that left the column before the first buffer
was added (during the lysine loading and neutral wash) was frozen and analyzed for
lysine. This sample did have a significant amount of lysine corresponding to 0.1M lysine
in approximately 100 mL of solution.

The results of the second lysine purification show that the lysine was not binding
to the column. This could be due to an ineffective resin or to the conditions of the
process, such as the starting pH or ions present in the neutral wash. The interaction of the
ions of the neutral wash or the water present in the column before loading lysine can be
significant in determining the degree of separation of a mixture of amino acids in high
performance liquid chromatography (HPLC) (Hancock, 1984). These same principles
apply to low-pressure ion-exchange chromatography. If the negatively charged
phosphate ions in the neutral wash bind to the lysine better than the column binds lysine,
these interactions could cause the lysine to leave the column.

In order to eliminate the possibility of an ineffective resin causing the column to

not bind lysine, the Sephadex C-25 resin suggested by Dr. David Odde was utilized for

11



the third lysine purification experiment. However, the small size of the resin prevented
the flow of fluids through the column at atmospheric pressure. This resin would be

beneficial for HPLC, but is not effective for our experimental methods and equipment.

12



Conclusions

Although the results of these experiments were very discouraging, much was
learned about the chromatography equipment and many ideas for future work were
evident. Dr. Paul Frymier suggested that the resins be tested with a lysine solution before
using the chromatography column. This would allow for a quick determination of the
effectiveness of the resin in binding L-lysine.

When an effective resin useful for low-pressure chromatography is found,
research can begin on other chromatography elements. The ionic interactions of the
neutral wash and the effectiveness of the buffers can be analyzed by running the ion-
exchange experiments already performed.

After an effective resin is discovered and a “clean run” of the lysine purification
process is made, modifications can be made to optimize the performance of the column
and to minimize the safety hazards of the buffers. If the low pH buffer removes lysine,
the pH values of both buffers can be reduced and a new buffer system would be possjble.
Biological buffers that can operate at a high pH should be as effective as the tetraborate
buffers and much safer. Since lysine is produced as a food additive, the process using the

tetraborate buffers would not be possible for industrial use.

13
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course, 20% offered a biﬁchemical engineering course with a laborarory component, and 32% had
adopted a designed biochemical engineering curricula (Monbougquete. 1995). One of these
programs. University of California ar Davis (UCD), recently created a new undergraduare major
dued “Chemical/Biachemical Engineering” wiich combines fundarrental education in chemical
engineering with key coursework in the life sciences and specialized applicatiens in bioprocess
enginezring (McDonald. 1994). Three new courses were developed in the chemical engineering
deparmment at UCD for this major covering the fundamentals of biochemieal engineering,
bioseparations, and a bioprocess enginesring laboratory. Seventeea lecture or laboratory credits
related to biotechnology in additon to these three courses are required and are offered bv other
departnents on campus. Tri-State University has adopted a biochemical enginesring
lecture/laboratory course feamuring a term-long. project-orieated laboratory approach with four
separate experiments (Hooksr, 1994). This approach overcame the time conswaints of long
duration biochemical engineering experiments which are difficult to fir into the usual 1-3 hour
laborarory periods. At Comell Universiry, 2 bioreactor experiment was incorporared into the
existing senior-year unit operaions laboratory in such a way that smidents withaur previous
biology coursework éxperience could pardcipare and the laborarory experiments could be
completed in the normal three-hour class period (Shuler er al.. 1994). '

2.b.2 Biochemical Engineering Option. Before describing the proposed experiments in
more derail, we first present a set of elective courses designed LS prepare chemical engineering
students for careers in biotechnology and bioprocess engineering. This set of courses is called the
“biochemical engineering option”. The concept of an option within the curriculum of chemical
engineering is an extension to the curricular ideas expressed by D.R. Woads of McMaster
University who argued that the educational experience is derived first from the required
fundamental topics and then augmented with electve courses based an faculty expertise (Woods,
1992). In addidon to providing an effective means of providing this experience, an option can
provide students with official recognition of their achievement in a subdiscipline of chemical

engineering, without undermining the requirements of the degree itself. Therefore, we are

23
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2. NARRATIV

2.2 Cu i i

2.2.1 Michigan Technological University. Mictugan Teca began in 1885 as the Michigan
School of Mines. It wag established with a charter which directs its vision to support the industries
of Michigan and the upper midwest. As the industries of Michigan developed and expanded inﬁo‘
rmanufacturing and chemical production. so did the mission and capabiliry of the university. By the
19€Q’s the universiry was renamed Michigan Technological University (MTU) o reflect the
diversity of engineering and technology programs present on campus. Taday, Michigan Tech is the
12* largest engineering school based on undergraduate enrollmear. 10® in the earollment of
women in enginesring, and feanures strong graduate programs (M.S. and Ph.D.) in all engineering
and science fields.

2.2.2 Department of Chemical Engineering. Approximately 70% of the university’s 6,300
students are in engineering disciplines. The Chemical Engineering program nas neariy 500 majors
and graduates over 100 smdents annually, ranking it 10° nadonally in aumber of undergradnares.
With strong programs in process design. advanced coneol. and process safery, and with
particularly strong backgrounds in communicarions and pilot-scale laboratory facilides, graduates
of the Chemical Enginsering program are well equipped to participate in a global engineering
workforce. The deparanent has recently made a new commmitment to expanding its efforts into the
growing biochemical arena by the addirion of Drs. David Shonnard and David Odde, both with
expertise in biochemical engineering. Correspondingly, the department is developing its -
biochemical engineering emphasis with CM450, Biochemical Processes, (3 ¢T, quarter system;
tanght by Dr. David Shonnard) offered anmually and a new course CM495, Engineering Analysis
of the Cell, (3 ¢r: raught by Dr. David Odde) which was well-recsived and will be offerad
annually. A fundamental vision of the department is to implement curricula and develop facilives
which provide a stronger transition from the classroom to the workplace. The Process Simulation
and Control Center (PSCC) facility, a key feature of the senior Chemical Enginesring Laboratory
course sequence (CM401, CM402. and CM403), is intended to do this. Integranng advanced

insTumentation and control aquipment into fuil pilot scale producdon facilities the PSCC provides

24
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a real-life environment in which students leara not only chemical engineering fundamentals, but

.also sare operating procedures, operadon or siare-of-the-art process equipment. and learn to deal

first-hand with producton proolems. The PSCC facilities were designed and conswucted with over
$1.3 million in resources from industry and “oundations. In addicon to these muit-million dollar
facilies. the Subsurface Remediadon Laborcrory (SRL) expands laboratory and course
experiences into the Bioremediation area. Tre SRL was designed and constructed orimarily with
universiry and NSF funds.

2.2.3 Curricular Need. Historically, chemecal enginesss have besn emploved in the chemical
and petrolenm procassing areas. However, ths percentage of new chemical enginesrs in these
sectors has steadily decreased. According to : recent survey conducted by AIC-E. the percentage
of chemmical engineers inidally emploved in tt2 chemical and fuels area decrease< Tom 65% in
1991 to 39% in 1995, while the combined pescentage in the food/consumer, biotechnology,
pulp&paper, and other industy areas jumped Tom 21% 10 32% over the same period (Graham,
1996). To prepare chemical engineering gracuates for the diverse industrial markers of the future,
chemical engineering education must broaden its curricutum to include indusmial sectors beyond
the Taditonal ones. In response to this need. we propose an integrared pair of sanior-vear
laborarory experiences in support of a bicchemical engineering oprion within the Deparument of
Chemical Enginesring at Michigan Technological University. This hiochemmical engineering opton
is a proposed set of elective courses to be offered by the Department of Chemical Engineering and
the Department of Biology at MTU and is ineaded to prepare graduates for careers in bioprocess
industries.

2. ve ent P
2.b.1 Previous Biochemical Engineering Curricuium Development. To place our

proposal in proper context and highlight the mrended improvements. we briefly review recent
biochemical engineering curricular initiatives at ather caemical engineering departments which are
relevant 1o our inidative, A recent survey of U.S. chemical engineering departments showed that,

of those who responded (77% response rate:. 71% offerad ar least one biochemical enginesring

[ 3]
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developing a biochemical engineering opdon within chermical enginearing which is comprised or a

set of free slective courses. These courses are

BLICG4 Principles or Biology 4 cradits
BL321 Microbiclogy 4 credits
BL401 - Biochemisty [ 4 credits _
CVvi450 Biochemical Processes 3 credirts
CM451(proposed)  Biosepararions 3 credirs

Mas2* Engineering Analysis of the Czil 3 credits

*currendy offered under CM495. “Curreat Topics in Chermuical Engnesang”
[n addidon to enrolling in the courses listed apove, studeats paricipating in the option will be

required to complete the proposed fermentation and the bioseparaton experiments discussed in this -

proposal. BL 104 is an introductory biology course for nonmajors and BL321 is an introducton o
the principies and techniques involved in studying microorganisms. Both courses are taught by
faculty in the Biology Deparmment. BL401 presents an inroduction to important classes of
biomolecules and fundamental elements of enzyme kinedcs and czllular mewmbalism. This marerial
is the foundadon for CM450 which introduces fundameztral eagineering analysis of fermentation
systems and industrial applications of fermentation technologes. The proposed CM451 course will
inroduce bioseparations and purification of fermentation products. Finally, Engineering Analysis

of the Cell (CM452) will provide raining in the marhernatical modelling of cellular and molecular

processes, Together, these courses will only require 3-6 credits beyond the exisung requirements

for a degree in chemical engineering due to eiectve flexibility in the curmiculum As proposed. this
list of courses faor the biochemical engineering option will present a logical sequence of biological
s&mc:s and engineering fundamentals for the production and purification of industrially impor:ant
biomolecules derived from fermentation processes. | S
The biochemical engineering opton will accomplish several important goals in preparing
chemical engineering smdents for careers in biochemical enginesring. First, through therr rechmical

conrent, these courses will serve to prepare chemical enginesrmg students for entry-level posidons -

in the biotechnology industy in the areas of the design. operation. and control of bioprocesses.
Second. the option will prepare students for interaction between chernical enginesring and

microbiology faculty and smdenrs (especially in BL321). Third. studeats completing the option

r.uud
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courses and laboratory requirements will be much better prepared to pursue chemical engineering
graduate programs in deparmments offering biochemicai engineering.

2.b.3 Proposed Enhancements. To effectively complement the biochemical engineering
courses oudined above and meet the need for hands-on laberatory experiencs in bioprocessing
fundamentals, we propose an integrated set of bioprocess enginesring experiments within the
exisung semor-vear Chemical Engineering Laboratory course sequence (CM401, CM402.
CM403). Two new experiments will be based on an impornant induserial bioorocess for the
production and purificazion of L-lysine. an esseatial amino acid found only in low concentrarions
i plant protein (making it a widely used livestock feed supplement). These exveriments will
complement the lecrure material presented in CM450. CM451, and CM452 which will be offered
to senior-level chemical engineering majors. The experiments will also broadex the current
traditional technological applications within the Chemical Enginesring Laboratory to include
fermenration and bioseparation unit operadons. In addidon. the data obtained by students will be
archived using the existing networked PSCC facilities for complere integrarion into our student

compuung network.

2.b.4 Fermentation and Bi@pmﬁon Experiments. To develop an eﬁ;:ctivc
biochemical engineering laboratory, we established three primary objecti\_fes.- Fist, experiments
should be integratad such thar all important units in a typical bioigrocess are pmcnt,'and the
stidents participate in the conversion of raw marerials to fermentation producr and through a series
of biosaparations 10 a purified form. Second. the experiments should be integrated mto the senior-

year Chemical Engineering Laboratory experience so that a common senior-yedr experience can be

assured for all graduates of our deparrment In additon. this will allow us to make full utilizagon
of the advanced dara archival capabilites in the existing process management hardware and
software. Third. the proposed experiments should expose the students to new types of separaton

and reactor technologies not currently found in the Chemical Engineering Laboratory.

27
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Fermenrarion Erper:‘meﬁ:. The proposed experiments will be based on producdon and purificadon
of L-lysine using an auxotrophic swain of Corvmebacrerium gturamicum (Nakavama, 1972;
Nakayama et al., 1976). With this orgam'sm. 1 rypical rermentation using cane sugar molasses
ylelds 40-30 g lysine/liter with 2 conversion rate of sugar to lysine of 30~10% (Nakayama. 1972).
A flow diagram of both the lysine fermentation and biosepararion experiments is shown in

Appendix +. The biareactor assemoly will be mounted on 2 console which allows for automarie

Haq~  aNrect
.. , L , . raaouaze & 5
conwol of fermentation temperature, agitation rate. aeradon rate. pH. and dissolved oxvgen. A/U&&o =

Personal computer interfacing will allow for process contol and data acquisition using a soffware

program purchased with the fermenter. The computer will also be connected to the Chemical

Engineering Laboratory dara acquisition and control nerwork which will ailow for easy sharing and

manipulation of the acquired experimental dara and for archiving of previous dara. Before batch

fermentation. the reactor vesse!l will be filled with mineral growth media and thez sterilized in a

mobile autcclave. The bioreactor medium will be formnulated according to previously published

procedures (Crueger and Crueger. 1984). To avoid carmelizing the éugar cane molasses.a /S TS INCWOE

—— IV ESTIMANS 2,
concentrated soludon of the growth substrate (dissolved in distilled water) will be filter steqlized

into the auroclaved vessel before fermentadon. A flask-grown inoculum of the bac:eﬁu.rﬁ will then

A W’? be added to the w Fc'mcnr.cr condirons will be 4 temperature of 28°C. pH of 7.0, FUNCTVEn) G,d N

2
durarion of fermentation 60 - 70 hom-s, impeller speed of 120 rpm, and acraton rate of Q.6 reagror &W

volumes per minute. Several experimental objectives will be assigned to each lagoratory group. N z 1 e

Each group will determine the oxygen transter rate in the fermenter media as a function of several

agiration rates, and from these measurements calculate the volumetric mass transfer coefficientfor ~ HOwW 7D
MEAS URE
Cucar.

oxygen. Next, they will measure the mass of sugar conSUm:d? the mass of lysine produced, and

the rado of lysine produced 1o sugar consumed. This rato is an mdxc:mon of the efficiency of the

fermentario iche ve diarge impact on the economic viabilicy of the process. The 8Qo=0 0
n which can ha P ry proc - 010

conversion of sugar to lysine is largely controiled by the amount of homoserine added o the

medium. This intermediate will be converted to the amino acid threonine and ultimately be

incorporated inwo proteins, enzymes, and new biomass. Threcnine also participates in multdvalent
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feedback inhibition (along with lysine) of the eazyme aspartokinase in the pathway for lysine.
methionine. and threonine biosvnthesis. Thus. by comparing the homoserine-dependent
conversion efficiency of sugar to lvsine with previous results stored on the datw archival moduje of
the laboratary computer netwark. each group will be able 10 assess the impact of feedback

inhibition on lysine production.

Bioseparanions Experiment. The second phase of the bioprocass experiment will be a bioseparadon
using column chromarography. Typically, industial processes have used caton excaange
chromatography to purify lysine from the procuc: fermentadon broth. which exploits the cationic

nanure of lysine (Azaki and Ozeki. 1992). To recover lysine. students will first clarify the

w(Wngy? fermentaron broth by ultrafiltration through a 0.22 um filter unit. This will effecrivelv remove the
, =

cells while the dissolved biomolecules. including lyvsina, will pass through the membrane. The

clarified broth will then be loaded ar neuwal pH onto a cation exchange column using a double-

nCLLOS0 7

Jeciprocating pumping system. The adsorbed cations. including lysine, will then be displaced by

5 the gradient in either the pH or the ionic swength. both of which will effectively swip the lysine off
AGTHEO | .

< the column. These gradients will strip the weakest binding molecules first and the swongest
binding molecules last and discrete fractions will be collected. Liysine has an isoelecrric point of 9.6

so thar it will start 1o desorb and enter the liquid phase when the pH approaches this point. The Hxu TOES THIS

c Wee? acs ~
students will then idendfy the lysine-containing fractions by using the ninhvdrin reaction to react

with the primary amines in lysine, thus producing a colored produer which can be measured using

7& spectrophotometer in the visible range. Thus. swdents will be able to quanmanv:ly measure the
P .

V€0 oNE? amount of amine-containing material recovered. By combining this with an enzyme-based

measurement of lysine concentraton, the studears will measure the purity of the product as well ‘

-

/ (Nakarani et al., 1972). The new principles thar will be taught are the fundamentl mechanisms of
UHOT (S
WS 7 adsorptve separarion processes, which are typically characterized in terms of an isotherm.
Students will pecform binding experiments prior to running the column to measure the 1sotherm

(specifically the capaciry and the affinity of the cadon exchange resim) as a funcdon of pH and ionic |

/ strength using the ninhydrin assay. This will give them predictive tools to run the coiumnn and

How T2 Do s ¢ 29
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investigate the underlying phenomena and principies invoived in column operzton. Students can
use this information to make predictons regarding the 2ffectiveness of various eiidon gradienrs
and in tum experimentally assess their effects on produc: r::co:fery and purity.

To teach these principlcs; we will use the éét;blishcd approach for the senior Chemical
Engineering Labararory. Soecifically. the supervising facuity memper provides a group of +
students with a set of objectves and a packe: of background material relevant o the experiment.
The students then write a laboratory proposal and “check-in™ with the faculty supervisor. After the
first laboratory period (the students are allowed 10 wbrk all dav in lap), the studants mesat ﬁvirh the
faculty member for a debriefing. If necessary. the students spend ancther day in the lab and then
surnmarize their results in a written report. This approach requires srudenrs 10 demenstrate
technical skill in integrating previous coursework. cormumunication skills both oral and wrirten. and
teamwork skills in effectively carrying out a project. The bioprocessing experiment will be
performed in place of two of our traditional laberatories and cornpleted over a single quarter. It will
provide a significant enhancement to the students’ education by teaching them biochemieal
processing in a hand.é—ou enviromnz; which will complemeat the lecure-based curiicuium
development described above. In additon, it will provide students with both a reactor and 2.
separadon laboratory experiencs, two areas which are currently underrepresented in the
curriculum. Preference for access to this aquipment and for these experiments will be given to
groups whose students are signed-up for the biechemicai engineering option. Each group will
conduct the fermentation experiment first, save their product solution in a reffigeraror. and then
perform the biosepararion ion exchange experiment using their stored solution.

2.c Eggmment

ch.1 Equipment Requested. In this section. the purpose of each piece of equipment will be

described and 2 correlation made between that piece of equipment and specific concepts taught in
the new courses proposed for the biochermnical engineering optiont. The equipment in the
fermentarion section of the proposed experimeats will reinforcs concepts taught in the CM450

Biochemical Processes course. This course deais with important aspects of bioreactor modeling,

T30
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configurarion, operarion. and application in the bioprocessing industies. The bicreactor equipment
will provide hands-on experience in batch fermeatation of an important amine acid with addidonal
activities in reactor control, dara acquisition. and oxygen manster. The mobile autoclave equipment
will allow the students to practice proper media and equipment sterilizarion before the fermentarion
step. In the procedures for the fermentation experiment. students will pracdce corract sterile
technique for the inroducton of aerarion gases and making other fluid connections. In order to
avoid carmelization during autoclaving, a sugar cane solution will need to be passed through a

sterilizing filter system. The bioseparation equipment consists of 2 membrage microfiluration unt

for separating cealls from the aqueous solution and a chromarography system. This system will

include dual double-reciprocaring pumps. fraczon collector, uv-vis detector, chart recorder, and

_programmable conmoiler, This system will allow sdeats to learn fundamentals of adsorprive

separations. in this case an ion exchange-based bioseparation. In addition. a uv-visible
specwophotometer will be used for analysis of lysine concentration by ainhydrin reacdon which

will allow smdents to quantify the yield of the lysine product.

2.c2 Equipment Ou Hand for the Pro;ect. We have already acquired key p1e::es of
equipment nc:dzd 1o carry out the project: a 3 liter bioreactor and the associated t:mpcmmrt. pH, o
and dissolved oxygen probes needed for conol and monitoring the biorea.ctor experiment. In

addition, we have the bxochemxcal engineering laboratory infraswucture needed maintain and -

g e 1
propagate bacterial culnires including a laminar flow hood, shaker incubator, water-jacketed Q'U- !

incub ' igerator, and fre Also, the PSCC facility wﬂl
provide state-of-the-art capability for data archiving from the bioprocess laboratory. This will allow
us to build an on-line dambase of bioprocess experiments for access by students in their analysxs
In addition, it will foster the integration of the laboratory into a completely nerworked, inmgﬁr:d
system that fully utilizes the department’s state-of-the-art PSCC facilities. The dcpardnent has
thoroughly surveyed its laborarory equipment and a summary of the equipment is given in

Appendix 1.
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2.c.3 Implementation and Equipment Maintenance. The Chemical Eagineering
Deparmment ar Michigan Technological University empioys a permanent staff in support of the
Chemical Engineering Laboratory whose members are funded on the university zeneral accounr.
Mr. David Caspary is the Manager of Laboratory Facilites. He is in charge of ail equipment
improvements in the Chemical Engineering Laboratory including upgrades in the labararory
computer network (process conaol and daw acguisition), He has been involved from the beginning
of the Process Simulation and Control Caater (PSCC) in the Chemical Engineering Laborarorv
with conceprual design. installation, operation. and maintenancs of the experimearts. He has also
designed and installed equipment in other derarmmental teaching and research laboratories. such as
the new SRL. Mr. Timothy Gasperich is a research associate and is respoasible for routine
maintenance of the experimental equipment :n the Chemical Engineering Laboratory. In the recent
past he has helped consauct two new pilat experiments in the PSCC and has installed much of the
new equipment in the SRL. Mr. Richard Richards is a master machinist with over 40 years
experience and is in charge of the chemical sciences machine shop. He is available to construct and
repair equipment for deparumental research and educational nesds. These thres individuals have . -

several decades of combined experience in the conszuction and maintenance of laborarory

faciliges.
2.d _Facnity Expertise. The expertise of the principai invesdgator, David Odde, is in ¢sllular

and molecular bicengineering. Dr. Odde has worked in a numbel‘ of bicenginesring-related areas
scé.rt‘mg with membrane-based separatons and sensor development while ar Honeywell, Inc.
(Minneapolis, MN). This research, performed while an undergradnare chemicai engineering
student at the University of Minnesota, resuited in the patenting of a membrane-based
dehumidification process. In addition, while ar the University of Minnesota. Dr. Odde studied
exrensively in the biochemical engineering area including the bioseparations course taught by Dr.
Edward Cussler. From there he worked for 1 vear in indusuy developing nove!l biomaterials for a
start-up company, Lai Laboratories. Inc. (Burnsville. MN) after which he entered the graduarte

Chemical and Biochemical Engineering program ar Rutgers University. Working for Dr. Mardn
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Yarmush. Dr. Odde completed a Master’s thesis enritled “Activity and Stability of an Immobilized
Moncclonal Antibody,” an analysis of affinitv-based bioseparatons. Warking “or Dr. Halen
Bueuner, he then completed his Doctoral dissertatdon entitled “Experimental and Theoredcal
Investgation of Nerve Growth Mechanisms: Conmoibution of Micrombule Dynamics,” which
investigared the molecular basis of nerve growth. While at Rutgers, Dr. Odde was also a
pardcipant in the NIH-sponsored Predoctorai Biotechnology Training Program a highly
iarerdisciplinary program that educates scierces and enginesring graduate smdexrs in a broad range
of biotechnologies. Dr. Odde has contnued huis bicengineering research ar Michigan Tech and last
year raught a new cowrse entitled “Engineering Analysis of the Czll.” which was well-received
(student rating 4.5 out of 5.0) and attracred a broad range of science and enginesring studeats,

Dr. Shonnard's teaching and research interests are in the areas of biochemical engineering
(CM450 Biochemical Processes), subsurfacs remediarion (CM/GE496 Fundamentals of
Subsurface Remediation and CM/GE497 Subsurface Remediation Laborzn:ory), and envirommenral
transport and impacts of pollurants (CM498 Pollution Assessment and Preventon). He has helped
develop new multidisciplinary lecture and laboratory courses as part of a NSF project (see prior
NSF results), has a publicarion in press on initial curricular development results, and has presented
on this acriviry at several meetings and at an international workshop. In addidon, by the experience
gained in a postdoctoral posirion and also currently in his NSF-supported research program, Dr.
Shonnard has expertse in the all facets of bioreactor operation. including assembly;, sterlization,
data acquisition, and bioreactor control. This experience extends to both barch and fluidized bed
bioreactor aperations.

Dr. Fisher has been in a leadership position in academia for over twenty years; eight as
Assaciate Dean of Engineering at Wayne State University and twelve years as Professor and Chair
of Chemical Enginecring at Michigan Tech. He has been directly involved with major curricular
improvements including providing the leadesship in the development and implementation of the
S1.5 million PSCC automated pilot plant facilides in the department. He was insqumental in

recruiting Drs. Shonnard and Odde to Michigan Tech and is comumitted to the major laboratory and

NV
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curriculum improvements in Bioprocess Enginezring outlined in this proposal. Dr. Fisher is also a
Principal [nvestigator of a curriculum development 25fort to cevelop and impiemear a Chemieaj
Engineering Technology: Advanced Process Qoerations degres program suvgorted by NSF/ATE.
2.2 Dissemination and Evaluation. Four avenues wiil be used to disseminare rasults at the
institutional. regional. nadonal. and international levels. First. we will prasent the resuirs at a
national mesting of the American Societv for Engineering Educarion (ASEE). Second. we will
submit an article describing the laboratorv wo Chemicai Eneineering Educarion. 1 ieading journal in
the area of chernical enginesring pedagogy. Third. we wiil 1dd a descripdon or te facility o our
deparmmenral homepage on the world-wide wea. with piiotographs and pracass Jow diagrams
included and dara made avaiiable to the pubiic. This will provide mrormarion on the facilides. their
use in the senior Chemical Enginesring Laboratory, and their integration into the PSCC. Fourth.
we will write articles for distibution in our degarumental and coilege alumni newslerers. In
addidon. we will write a laboracory manual. available on-linz to the public, for a more complese
description of the facility. Together. these approaches will provide 2 wids range of interested
audiences with the news of the intagrated bioorocessing laboratory at Michigan Tech.

Succass of the project will be evaluated primarily using the Universiry’s course evalnarion
svstern. Using a series of questions. the evaluation asks studeats to rate the effecuveness of the
instrucror and the course. In addition. the smdaars are given the opportunity [0 Write COmIments o1
the form if they wish. The success of the project will also be evaluared in the longer term by a
pfoposed plan for assessment being developed as part of MTU’s reaccreditation procsss.
Specifically, we plan to conduct surveys of alumni two and fve vears post B.S. degres. which
will provide an opportunity to poll graduates wio participated in the bioprocsss laborarory about

the effectiveness of the project and the impac: it has had on their career.
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MEMORANDUM

Department of Chemical Engineering
Michigan Technological University

Subject: Bioseparation Experiment: Recovery of an Amino Acid
To: Unit Operations Laboratory Group _____

From: David Odde

Date: April 22, 1998

Ion exchange is a separation technique that discriminates between molecules on the basis of their electric
charge. In the biochemical engineering laboratory we have a caton 2xchange column that can be used to
adsorb cations, such as the amino acid L-lysine. Onc way of recovering the adsorbed molecules is by
altering the pH so that the net charge on the molecule is neutralized. Your objective is to develop a detailed
procedure for the recovery of L-lysine from a model fermentation broth. Specifically consider the following
system:

Equipment (specifications and manuals are in laborarory)
Pharmacia GradiFrac Programmable Controller (includes pump, mixer, valves, and fraction collector)
Sephadex C-25 Cation Jon Exchange Column (capacity=480 mmol/l, bed volume=530 ml)

Chemicals
Model fermentation broth: 0.4 M L-lysine
Alkaline wash: Tetraborate buffer (TB10.2) 0.1 MK.B,O,, pH 10.2
Alkaline eluent; Tetraboratc butfer (TB11.5) 0.l MK,;B,O,, pH L1.5
Neutral wash: Phosphate-buffered saline (PBS) 0.01 M K,HPO,, 0.15 M NaCl, pH 7.0
Qpention
Flow Rate: 5.0 mlU/min
time=0 min start loading lysine -
time=160 min start PBS wash
time=270 min start TB10.2 wash
tme=380 min start TB11.5 clution
time=450 min start collecting 10 mi fractions
time=490 min start PBS wash
time=S99  min stop collecting 10 ml fractions
time=600 min shutdown

In your proposal describe the basic principles of ion-exchange and how the procedure outlined above should
lead 10 a purified lysine product. I am stll in the process of developing the procedure for quantifying the
lysine concentration and hope that you will be able 1o validate the procedure by measuring the lysine
concentation in the recovered fractions. In addition o the handouts enclosed, sce sections 5.4-5.8 of the
GradiFrac User Manual. Because this is a new experiment, I will work closely with you in the operation
and meeting the objectives.

(V%)
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