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Foreword
The ACS Symposium Series was first published in 1974 to provide a

mechanism for publishing symposia quickly in book form. The purpose of
the series is to publish timely, comprehensive books developed from the ACS
sponsored symposia based on current scientific research. Occasionally, books are
developed from symposia sponsored by other organizations when the topic is of
keen interest to the chemistry audience.

Before agreeing to publish a book, the proposed table of contents is reviewed
for appropriate and comprehensive coverage and for interest to the audience. Some
papers may be excluded to better focus the book; others may be added to provide
comprehensiveness. When appropriate, overview or introductory chapters are
added. Drafts of chapters are peer-reviewed prior to final acceptance or rejection,
and manuscripts are prepared in camera-ready format.

As a rule, only original research papers and original review papers are
included in the volumes. Verbatim reproductions of previous published papers
are not accepted.

ACS Books Department
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Preface
The chapters in this book were selected as the best presentations from the

2011 and 2012 annual meetings of the Biochemical Technology division of
the American Chemical Society. A panel of industrial and academic members
helped select the content of this volume, along with nominations from individual
session chairs. The Biochemical Technology (BIOT) division brings together
multiple disciplines, including biotechnology, biochemistry and microbiology.
The division has always sought to provide a balanced representation of current
research in industry and academia. The chapters in this volume are a reflection
of this.

This volume brings together cutting-edge research in the areas of upstream and
downstream process development, biofuels and biosynthesis. With an emphasis on
current challenges facing the bioprocess community, this book contains innovative
research by both academics and members of industry. A number of case studies
from the biopharmaceutical industry are presented, including practical examples
of methodologies for enhanced process development. In addition, the application
of new and emerging technologies in the fields of biotechnology and bioprocessing
are discussed.

This symposium book was intended to bring the best of the annual BIOT
meetings to a greater audience. We extend special thanks to our technical writer,
Christine Crane, who was instrumental in helping realize this objective.

Anne Kantardjieff
Alexion Pharmaceuticals
Cheshire, Connecticut

Prashanth Asuri
Santa Clara University
Santa Clara, California

Jonathan L. Coffman
Pfizer Research and Development
Andover, Massachusetts

Karthik Jayapal
Bayer HealthCare
Berkeley, California
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Chapter 1

Toward a Biological Replacement of Petroleum

James C. Liao*

Department of Chemical and Biomolecular Engineering and Institute for
Genomics and Proteomics, University of California Los Angeles,

5531 Boelter Hall, 420 Westwood Plaza, Los Angeles, California 90095
*E-mail: liaoj@seas.ucla.edu. Phone: +1 (310) 825-1656.

Fax: + 1 (310) 206-1642

Petroleum is the source of most of the world’s raw materials
and it also provides the majority of the world’s energy. As the
price of petroleum fluctuates and its combustion has significant
negative environmental impact, there is growing interest in
research into alternative sources of energy. Current biorefining
schemes use plant biomass or algae to produce ethanol,
biodiesel, and some chemicals used as raw materials. While
these approaches are the leading processes, next-generation
biorefinery should consider other options for starting materials,
schemes for manufacturing, and the biofuel itself. For example,
direct photosynthetic production of advanced biofuels (such as
n-butanol or isobutanol) or raw materials from CO2 would be
an attractive and more environmentally friendly alternative; this
strategy bypasses the need for lignocellulose deconstruction and
algal lipid processing. Non-photosynthetic, electricity-powered
CO2 reduction to generate biofuels further by-passes the need
for large light exposed surface areas used in photo-bioreactors
and represents an option for biochemical and biofuel production
as well as electricity storage.

1. Introduction

The world’s energy needs have grown a staggering 30% (4 terawatts) in the
past decade (2000-2011) (1). This astonishing increase in energy intake includes
the consumption of natural fossil fuels (coal, natural gas, petroleum) as well as
relatively small amounts of renewables and nuclear energy. Fossil fuels power

© 2013 American Chemical Society
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85%of theworld’s energy (1). Although fossil fuels provide the bulk of theworld’s
energy, their use is not without significant negative side effects that include an
ever-fluctuating supply and price. Further, the world’s supply is dwindling and
the debate is ongoing as to the environmental impact of fossil fuel combustion,
whether it may result in an unsustainable carbon imbalance.

Research into alternative fuels is therefore essential to meet the world’s
increasing energy needs. To combat these issues and meet the demand, alternative
energy sources are needed. Ultimately, energy supplies should derive from the
most abundant resource. These include energy from the sun and the carbon from
atmospheric CO2. Current approaches for harvesting sunlight using man-made
device include: photovoltaic cells (also known as solar panels), which convert
solar energy to electricity directly, and windmills, which harvest wind power
indirectly generated by solar energy. In addition, plants and algae can harvest
sunlight and carbon dioxide (CO2) to generate biomass that can be further
converted into biofuels.

Table 1. Carbon flux and energy yield from various plants to biofuels (4).
Data obtained from ARPA-E (4)

Source Carbon
Captured
(tc /ha/yr)

Carbon
Harvested
(tc /ha/yr)

Carbon
processed
(tc /ha/yr)

Overall
fuel yield
(GJ /ha/yr)

%
Energy
Yield*

Corn
(ethanol)

17.7 3.9 1.5 79 0.13

Soybean
(FAME)

3.1 1.3 0.34 17 0.03

Sugar
Cane
(ethanol)

24 16 4.0 207 0.33

tc = carbon tonne. FAME= fatty acid methyl ester. * Energy yield is calculated based on
an average solar energy input of 200 W/m2.

The theoretical efficiency to convert sunlight to electricity using photovoltaic
cells is 33.7%, with a practical efficiency of 10-20% (2). The theoretical
efficiency to harness sunlight to biomass in plants is 4.6% for C3-plants and 6%
for C4-plants, with a practical efficiency of 1% (3). Processing of plant biomass
to generate sugars that are subsequently converted into a biofuel, such as ethanol,
further reduces the above theoretical efficiency from 4-6% to 0.1-0.3% (according
to calculations) (4). As demonstrated in Table 1, the energy efficiency of several
plants is compared from the stage of CO2 capture to the production of a biofuel.
Comparatively, sugar cane to ethanol has the highest overall efficiency (0.3%)

2
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followed by corn to ethanol (0.12%) and then soybean to biodiesel (0.03%)
(4). Although these processes have been commercialized, they are in need of
improvement and innovation at every stage from photosynthesis, CO2 fixation,
even to the final steps of making the fuels. Thus the present research focused
on ways to genetically engineer the biochemical process of CO2 fixation and
fuel synthesis in microbes capable of harnessing sunlight or electricity-derived
reducing power to power biosynthesis.

It is well-known that advanced biofuels, such as n-butanol, can be produced
in microorganisms. In addition to its use as a solvent, plasticizer, and a raw
material, n-butanol has another potentially important use, as a gasoline substitute
(4). Similarly, isobutanol can also act as a gasoline substitute as it has an energy
density of more than 100 mega Joules per gallon compared to gasoline that has
an energy density of 128 mega Joules/gallon, and as such is considered a next
generation biofuel (4). To develop isobutanol and n-butanol as a next-generation
biofuels, we began to investigate the biosynthesis of n-butanol and isobutanol in
a biological host system and aimed to generate biofuels such as n-butanol and
isobutanol from sugar or CO2.

2. Results and Discussion

2.1. Genetic Manipulation of E. coli To Produce Biofuels

In C. acetobutylicum, six genes thl, hbd, crt, bcd, etf, and adhE2 are required
for the biosynthesis n-butanol from acetyl-CoA (Figure 1) (5). To characterize
the biosynthetic process, the n-butanol biosynthetic machinery was cloned and
expressed in Escherichia coli, which allowed us to study the production of n-
butanol in this easily controllable model organism (5). As all the genes responsible
for this transformation have been identified, it was hypothesized that as long the
genes could be expressed in E. coli the biosynthesis of n-butanol from glucose
should proceed rapidly. Although the process was successful, the highest yield
that could be obtained, even under optimized conditions, was no greater than
0.55 g/liter of n-butanol (Figure 2) (5). Although this was an interesting result,
the production rate and titer were much lower than that required for commercial
feasibility.

Similar to the production pathway used for the biosynthesis of n-butanol
in C. acetobutylicum, the biochemical pathway for the synthesis of isobutanol
consists of 5 genes: alsS, ilvC, ilvD, kdc, and adh (Figure 3) (6). These isobutanol
biosynthesis genes were cloned from various organisms, combined, and expressed
in a single host system, E. coli. Surprisingly, using this engineered E. coli system
isobutanol was produced from glucose to a titer of more than 20 g/L with a yield
of 86% of theoretical maximum (Figure 4) (6). This level of production titer
and yield rival the bioproduction of n-butanol used in its native organism C.
acetobutylicum, which produces n-butanol at 19.6 g/L in 83% yield (7). Thus
by means of genetic engineering tools a new strain of E. coli was engineered to
produce isobutanol at a level comparable to the native organism (6).
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Figure 1. Biosynthesis of n-butanol from glucose in C. acetobutylicum. All the
genes required for this biosynthesis were cloned into E. coli and the biosynthesis

of n-butanol was studied (5).

Figure 2. Optimization of n-butanol production from genetically modified E.
coli expressing the n-butanol biosynthesis pathway from C. acetobutylicum.

Maximum n-butanol produced was 0.55 g/L. Legend: M9, minimal salt medium;
Glc, glucose; Cas, Cas amino acids; TB, “terrific broth” rich medium; Gly,

glycerol. Modified from reference (5).
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From a graph of optical density (OD) versus time, it was found that the
majority of the isobutanol was produced after E. coli cell’s growth stopped
(Figure 4). It is interesting and as yet unclear, how the cells continued to produce
isobutanol to this concentration when in fact isobutanol and n-butanol are toxic to
E. coli cells at concentration of more than 6-7 g/L (8, 9).

Isobutanol was also produced in E. coli using an evolutionary strategy that
selectively pressured the bacteria to produce isobutanol, as opposed to engineering
a strain that produced this biofuel (10). Evolutionary methods were employed to
identify a strain of E. coli that could produce isobutanol by norvaline selection to a
final titer of more than 20 g/L (10). Similar to the engineered isobutanol producing
strain, the evolutionary derived strain also stopped growing after 24 hours, but
continued to produce isobutanol (10).

Scaling the production of isobutanol in a bioreactor achieved an effective total
production of 50 g/L by simply removing or gas-stripping off the product as it was
produced in the bioreactor (11).

Figure 3. The genes required for the biosynthesis of isobutanol starting from
glucose were cloned from different organisms, combined and expressed in E.
coli. The biosynthesis of isobutanol was then studied as the cells grew. Modified

from reference (6).

2.2. Driving the Bioproduction of n-Butanol

Genetic engineering strategies provided markedly different final titers for
the biosynthesis of n-butanol versus isobutanol. Despite the fact that both used
identical shake flask fermentation techniques, n-butanol production reached a
plateau at 0.5 g/L whereas isobutanol production reached greater than 20 g/L.
To solve the discrepancy the biochemical pathways used to generate ethanol,
n-butanol, isobutanol, and isopropanol on large scale were carefully analyzed
(Scheme 1). Employing these engineering techniques ethanol (12), isobutanol
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(11), and isopropanol (13, 14) could all be produced in good yields (not all data
presented), thus we sought a rational explanation for why in non-native producers
n-butanol production lagged behind.

Figure 4. Isobutanol production and cell growth over time in E. coli engineered
to express an isobutanol biosynthesis pathway. (a) Concentration of isobutanol
produced in mM, 300 mM is ca. 21 g/L. (b) Optical density (OD) of E. coli cells

producing isobutanol over 120 hours. Taken from reference (6).

According to the biochemical pathways outlined in Scheme 1 it was apparent
that the higher yielding processes all had one thing in common, a late stage CO2
generating step. A CO2 evolution step serves as an irreversible kinetic trap that
drives a metabolic process toward the desired products. In ethanol production
during the conversion of pyruvate into acetaldehyde, CO2 is released (Scheme
1). Similarly, in the biochemical pathway used to generate isopropanol, CO2 is
released during the conversion of acetoacetate into acetone (Scheme 1). Notice
however that in the biochemical pathway used to generate n-butanol no such
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driving force exists (Scheme 1). Thus it was hypothesized that this was that cause
of the discrepancy in n-butanol production in non-native producers, despite the
fact that it is the same production pathway used in vivo by native organisms use
to generate n-butanol.

Scheme 1. Outline of the biosynthetic pathways used to generate biofuels in
engineered E. coli strains from glucose. Ethanol was produced on largest scale
from 20-100 g/L followed by isopropanol at more than 50 g/L, and isobutanol at
50 g/L. Notice each pathway includes a late stage irreversible step, where CO2 is
released (boxed in black), except in the biosynthesis of n-butanol, which provided
a reason why its biosynthesis lagged so far behind other similar alcohols at

0.55 g/L (5)

To drive the pathway toward n-butanol synthesis several genetic modifications
of the pathway in E. coliwere investigated. These modifications included the use a
common electron donor molecule, enzyme manipulation, and substrate saturation.

The biochemical reactions that generate n-butanol involve several reduction
processes (Scheme 2). In particular, in step 4 where crotonyl-CoA is converted to
the intermediate butyryl-CoA by the enzyme Bcd-EtfAB (CA, Scheme 2), where
Etf derives the electrons for the reduction reaction possibly from ferredoxin
(15). It was hypothesized that shuttling the reducing power by using a single
reducing agent, such as the reduced form of the coenzyme nicotinamide adenine
dinucleotide (NADH), would help to drive the entire process forward. As NADH
is not the natural electron source for the Bcd-EtfAB complex, the gene for the
complex was replaced in an E. coli host expressing the entire pathway with
another gene called ter (16). Ter expresses a protein trans-enoyl-CoA reductase
that also catalyzes the conversion of crotonyl-CoA to butyryl-CoA, but it uses
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NADH as the electron donor (16). This genetic engineering strategy accomplished
two objectives. The first was to forcibly drive all reduction steps to use a single
reducing agent, NADH. The second was to add a late stage, irreversible step that
could provide an additional driving force to propel this pathway in the forward
direction.

Scheme 2. Creating artificial driving forces for n-butanol biosynthesis in
genetically engineering E. coli expressing an n-butanol biosynthesis pathway.
Notice bcd-EtfAB (CA) was replaced with ter. Figure modified from reference (15)
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Figure 5. Concentration of n-butanol (g/L), glucose (g/L), glucose consumed
(g/L), and cell density as a function of time for E. coli engineered to express

modified n-butanol biosynthesis pathway (15).

The first step in the n-butanol biosynthesis pathway, the conversion of
acetyl-CoA to acetoacetyl-CoA, is not thermodynamically favorable. To
overcome this thermodynamic barrier and make this step more favorable the
intracellular concentration of acetyl-CoA was increased, by knocking out a gene
called pta, which codes for phosphate acetyltransferase (PTA) an enzyme that
consumes acetyl-CoA. By knocking the pta gene out the intracellular acetyl-CoA
concentration was effectively increased (15).

By using this three pronged approach (1) replacement of the bcd-Etf gene with
ter, (2) use of a single electron donor, NADH, and (3) increasing the intracellular
acetyl-CoA concentration the production of n-butanol was increased from 0.5 g/L
to 15 g/L in 75 hours (Figure 5) (15). The results indicate that with a proper driving
force a pathway can be forced into the desired direction.
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2.3. Engineering the Biosynthesis of Fuels from CO2

Until this point n-butanol and isobutanol (as well as other alcohols not
reported) were biosynthesized from glucose. However, our ultimate goal is not
to prepare large amounts of fuels from sugar, rather from CO2. To do this we
looked for ways to fix CO2 to generate biofuels. The desire is to achieve this
biochemically using a prokaryotic organism that can be easily manipulated.
Photosynthetic cyanobacteria harvest sunlight using photosystems and produce
energy in the form of adenosine triphosphate (ATP) and nicotinamide adenine
dinucleotide phosphate (NADPH), which are used to fix CO2 via the Calvin
cycle to synthesize sugars. One of the intermediate metabolites downstream
of the Calvin cycle is pyruvate, which as we have seen previously, can be
diverted into isobutanol or n-butanol biosynthesis by genetic manipulation of the
cyanobacteria. To derive these products from sunlight and CO2, we genetically
modified cyanobacteria to express biofuel production pathways.

As discussed previously, the essential genes for isobutanol biosynthesis
are well characterized (6). These genes were cloned and expressed in the
cyanobacteria Synechococcus elongatus (strain PCC7942) (17). After the cells
were grown under a particular set of photosynthetic conditions, isobutanol was
detected in the culture medium (~500 mg/L) (17). Encouraged by this result, the
reaction was pushed even further forward by gas-stripping off an intermediate,
isobutyraldehyde to a final titer of 1.2 g/L in 8 days (17). Sheehan compared the
current production levels achieved employing our biosynthetic isobutanol and
isobutyraldehyde production method from CO2 to current corn and cellulosic
ethanol production methods (18). Although it is important to note the production
scales were vastly different, Sheehan found that our biosynthetic method was two
to three fold higher than other production methods (18).

As isobutanol could be successfully produced from CO2 in the
cyanobacterium S. elongates, the strategy was extended to the production of
n-butanol in S. elongates. Initially, we investigated the biosynthesis of n-butanol
using the same set of genes used in the production of n-butanol in E. coli (See
Scheme 2 for an outline of these enzymes) (19, 20). As the genes required for the
biosynthesis of n-butanol from acetyl-CoA are well characterized (5) they were
cloned and expressed in the cyanobacterium S. elongates (see Scheme 2 for an
overview of the biosynthesis of n-butanol) (19, 20). However, as seen previously
in E. coli, n-butanol was not detected in S. elongates.

To overcome this problem, the lessons learned in the biosynthesis of
n-butanol in E. coli were applied in S. elongates. Namely the pathway
was engineered to proceed in the forward direction by manipulating driving
forces. Instead of forcing the cyanobacteria to use NADH, or increasing the
intracellular concentration of acetyl-CoA - as accumulation of these compounds
in cyanobacteria proved to be difficult - other driving forces were identified.
Specifically, an ATP-driven irreversible step was introduced into the biosynthetic
pathway, and the cyanobacterium was forced to utilize exclusively NADPH as the
reducing agent (20). Cyanobacteria favor the use of NADPH as a reducing agent
over NADH, thus the enzymes used in the E. coli n-butanol biosynthetic pathway
were exchanged with enzymes that would perform the desired transformation
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with NADPH (Scheme 3). Second, a gene coding for the enzyme AccABCD
that catalyzes the conversion of acetyl-CoA to malonyl-CoA was recruited to the
pathway. This step produces malonyl-CoA, which is subsequently consumed by
the enzyme NphT7 (CL190) (21) to generate acetoacetyl-CoA, in an irreversible
and energetically favorable reaction that releases CO2 (Scheme 3). The first step
requires ATP, which is usually not favorable, however in this case ATP is used
as a driving force to push the reaction forward (Scheme 3). As a result of this
engineering strategy the pathway produced n-butanol in cyanobacteria from CO2,
using ATP as a driving force and NADPH as reducing power to a titer of 30 mg/L
(20).

2.4. Using Photovoltaic Cells To Generate Biofuels from Atmospheric CO2

To date this CO2 fixation technology has been utilized to generate isobutanol,
n-butanol, 2-methyl-1-butanol, and 3-methyl-1-butanol in cyanobacteria.
Although this was a very exciting accomplishment, the scale-up of this process
to reach production goals would require a great deal of sunlight exposed surface
area, which could be very costly. In an attempt to make the process more cost
effective we devised alternative way to harness energy from sunlight and couple
that to CO2 fixation and production of biofuels, employing electrochemical
photovoltaic cells.

Scheme 3. Outline of the optimized biosynthetic pathway used for the biosynthesis
of n-butanol in S. elongates from CO2. Note the additional two step conversion
of acetyl-CoA into malonyl-CoA and then acetoacetyl-CoA that is catalyzed by
AccABCD and NphT7, respectively. Further, note the use of alternate NADPH
using enzymes instead of NADH using enzymes outlined in Scheme 2. Figure

modified from reference (20)

Photosynthesis is a two-stage reaction process comprised of light reactions
(light is used to generate ATP and NADPH) and dark reactions or the Calvin
cycle (assimilation of CO2). To facilitate scale-up the CO2-derived biofuels, it was
thought that separation of the light and dark reactions would reduce the amount
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of light exposed surface area needed. To achieve this separation, photovoltaic
cells were envisioned to harvest sunlight that would then be used to generate
electricity. The electricity would in turn be used to drive an electrochemical cell
that would be used to generate hydrogen or formic acid that could be fed into
the dark reaction. Two strategies were put forward, the first involving hydrogen
production and second using formic acid. The former is problematic because it
has a low solubility in water and it is also explosive.

Formic acid is a hydrogen alternative, it is water-soluble, and can be generated
using an electrochemical reaction (Figure 6a). In this strategy the photovoltaic
cells would be used to harvest sunlight and the energy generated coupled to formic
acid production from water and CO2. The formic acid could then be used to
produce NADPH (or NADH) to generate biofuels via the Calvin cycle.

Ralstonia eutropha is an organism that is capable of utilizing both hydrogen
and formic acid as an electron donor source to fix CO2 (22). R. eutropha was
genetically engineered to divert the metabolite pyruvate, from the Calvin cycle,
into isobutanol or 3-methyl-1-butanol biosynthesis, by cloning the genes necessary
for biofuel production into R. eutropha (22). To first confirm that the engineered R.
eutropha strain, expressing the biofuel biosynthesis pathways, would produce the
biofuels, the cells were allowed to grow in the presence of hydrogen or formate as
energy source (22). Gratifyingly, isobutanol and 3-methyl-1-butanol were detected
(22).

The next step was to couple isobutanol and 3-methyl-1-butanol biosynthesis
directly to formic acid generated in an electrochemical cell. The electrochemical
cell used was devised and was power by electricity, and it generated formic acid
in the cathode, and oxygen in the anode (Figure 6a). The formic acid generated
would then be transported into theR. eutropha cell, releasing CO2. The cells would
then generate NADH that would be used to drive CO2 fixation in the Calvin cycle
and the end result would be the generation of biofuels (22). Although the overall
integrated process was promising, as soon as the current was initiated the cells
stopped growing (Figure 6b). This stunted growth was attributed to the production
of toxic by-products that were generated from the overall light harvesting reaction
(22).

To conclusively identify the toxic compounds three biologically derived
sensors used to detect free radicals KadG, SodC, or NorA promoters were
engineered into the R. eutropha cells. NorA is responsive to nitric oxide radical,
SodC is responsive to superoxide, and KatG is responsive to hydrogen peroxide.30
Coupling these promoters to the lacZ gene allowed for the detection of the
presence of one of these radical byproducts (22). After turning on the current
superoxide and nitric oxide radical were detected by up-regulation of SodC and
NorA (Figure 6c), but not hydrogen peroxide. Since nitric oxide and superoxide
are known to suspend cell growth, the reason the cells were unable to grow was
attributed to the presence of the free radicals.

To circumvent this problem a new set-up of the device was devised, where the
electrode was physically separated from the bulk of the solution where the cells
reside, with a ceramic cup (Figure 7a) (22). The ceramic cup was permeable to
most of the compounds, but not the cells. Its function was to separate the cells from
the electrode and to effectively prevent the cells from coming into contact with the
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free radicals, which were allowed to decay on their own. Gratifyingly, under these
conditions the cells grew in the bioreactor and isobutanol and 3-methyl-1-butanol
were generated from electricity and CO2 (Figure 7b) (22).

Figure 6. Electricity-powered CO2 fixation for isobutanol synthesis. (a)
electrolysis reaction with formic acid generated at the cathode and O2 at the
anode and coupling this to the production of isobutanol or 3-methyl-1-butanol.
(b) Cell growth as a function of powering the electrolysis reaction. (Legend: ♦
control, no current; ▪, electrolyzed sample.) (c) Detection of KatG, SodC and
NorA as a function of electrolysis. (Legend: grey bars, control; black bars,

electrolyzed sample). Figures modified from reference (22).
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Figure 7. Electricity-powered CO2 fixation for isobutanol synthesis in a ceramic
cup. (a) Overall reaction set-up separating the radicals formed in the light

reaction from penetrating the solution that comes into contact with the cells. (b)
Production of isobutanol (▪), and 3-methyl-1-butanol (▪) as a function of time
after electrolytic formation of formic acid. Notice the cells also grew during

electrolysis with increased OD600 (♦) over time (22).

The process can be integrated to use energy from sunlight and fix CO2 from
the atmosphere with a photovoltaic cell. The overall strategy to generate biofuels
by combining electrochemical reactions with microbial reactions is promising
(Figure 7). An estimation of the efficiency in each step for converting solar
energy to isobutanol via electricity is outlined in Table 2. The overall efficiency
is the product of the efficiency in each step (Table 2). The efficiencies values may
appear low, however these values are 10 fold higher than the current schemes
of biofuel production (22). It should be noted that these values only take into
account a single criteria and do not account for cost. Other criteria must be
considered for before scaling up.
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Table 2. Estimated energy efficiency from harvesting of solar energy to
production of isobutanol (22)

Solar to
Electricity
EFF.

[Range=8-
25%]

× Electrolysis
EFF.

[Range=56-
80%]

×
Theoretical
EFF.%

Electricity
to

Isobutanol

×
% of

Theoretical
yield

[Range=30-
90%]

=
Overall
% EFF.%
Solar to
Isobutanol

Lower
bound

8 56 50 40 0.9

Likely 15 62 50 60 2.79

Higher
bound

25 80 50 90 9.0

EFF. = efficiency.

3. Conclusion

If we could look through a crystal ball our goal would be to develop a hybrid
energy system that consists of manmade as well as biological systems that will
be able to work together to harvest sunlight and CO2 to generate next-generation
biofuels. The remaining challenges seek to increase both the rate and efficiency
of production, and need to include the costs and schemes associated with product
isolation and scale-up. Finally, a way to harvest CO2 from the atmosphere is still
a challenging problem that will require a tremendous amount of further research.
However, as demonstrated, progress has been made toward the identification of
biological hosts that can be used to generate biofuels from glucose, light, hydrogen,
and formic acid. Energy from electrochemical photovoltaic cells and the sun has
been used to generate biofuels and research is ongoing as to integrate this with
energy captured from the sun.
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Chapter 2

Unfolded Protein Response (UPR) During
CHO Cell Production Culture

Zhimei Du,* David Treiber, Rebecca E. McCoy, Feng He,
Amanda K. Miller, Mei Han, Carole Heath, and Pranhitha Reddy

Amgen Inc., 1201 Amgen Court West, Seattle, Washington 98119
*E-mail: zdu@amgen.com. Phone: +1 206-265-7367. Fax: +1 206-217-4692

The unfolded protein response (UPR) is a complex and intricate
network of signaling pathways in the endoplasmic reticulum
(ER). The UPR is responsible for monitoring and controlling
intracellular responses to the accumulation of unfolded or
misfolded proteins under conditions of cellular stress. In
mammalian cell cultures the expression of high levels of
recombinant proteins, such as monoclonal antibodies, are
associated with increased UPR levels. However, the dynamic
changes of the UPR and its impact on cell performance as
well as recombinant protein secretion are poorly understood.
Herein a UPR-specific monitoring system was created that can
be used to detect and quantify endogenous UPR activation
levels in real-time during the production process. Using
this UPR-specific monitoring system, it was found that
recombinant Chinese hamster ovary (CHO) clones differed in
their UPR induction patterns. Both the timing and the degree
of UPR-induced transcriptional activation for the different
clones were linked to the growth, viability, and productivity
of the cells. In addition, the UPR-specific monitoring system
revealed that cell culture conditions, such as the accumulation
of metabolic end products and osmolarity, can also alter UPR
levels independent of recombinant protein expression. Lastly,
how a production process can be rescued from decreased cell
viability and productivity by controlling the UPR in a live
growing culture will be addressed. Some of findings below
have been summarized in the manuscript submitted to a peer
reviewed journal (revision under journal review).

© 2013 American Chemical Society
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1. Introduction
CHO cells are commonly used in the large-scale production of recombinant

proteins, such as monoclonal antibodies (mAb). The unfolded protein response
(UPR) pathway is a cell response pathway that is activated by an accumulation
of unfolded or misfolded proteins in the endoplasmic reticulum (ER). Overall
the UPR results in the activation of three different pathways: (1) the protein
kinase RNA-like endoplasmic reticulum kinase pathway (PERK), (2) the
inositol-requiring kinase 1 (Ire1) – X box binding protein 1 (Xbp1) pathway
(Ire1/Xbp1), and (3) the activating transcription factor 6 pathway (ATF6) (1).

Figure 1. Schematic of the UPR pathway activated by the accumulation of
unfolded or incorrectly folded proteins, by sequestering BiP. Legend: BiP, ;

ATF6, - ; Ire1, ; Perk, ; Xbp-1s, ; ATF6-p50, .

As previously stated the accumulation of unfolded or misfolded proteins in
ER initiates the UPR pathway; this process occurs when the molecular chaperone
binding immunoglobulin protein (BiP) (also known as glucose-regulated protein
or heat shock 70 protein 5) binds to the hydrophobically exposed surface area
of unfolded or misfolded proteins (Figure 1). Now otherwise engaged BiP can
no longer bind to its ER membrane-binding partners Ire1, ATF6, and PERK
triggering the activation of these proteins and their respective UPR related
pathways (1). Activation of the PERK pathway mediates cell cycle arrest and
protein translation attenuation (1). Activated Ire1 mediates mRNA alternative
splicing of Xbp-1 (Figure 1). Once translated the spliced isoform Xbp-1s is
translocated into the nucleus and activates a set of target genes that are involved
in the UPR response (Figure 1) (2, 3). Activated ATF6 is translocated to the Golgi
apparatus where it is subsequently cleaved by proteases into a smaller fragment,
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called ATF6 p50 (50kDa, Figure 1) (4–6). ATF6 p50 is a potent transcription
activator that is also translocated to the nucleus and activates another set of genes
that may or may not overlap with Xbp-1 target genes (Figure 1) (4, 7). The UPR
activated gene products include the UPR key regulators themselves (BiP, Ire1,
ATF6, Xbp-1 and PERK) resulting in a positive feedback loop, as well as proteins
that are involved in protein folding, glycosylation, degradation and lipid synthesis
(1). Activated UPR-specific target genes have the ultimate goal to rapidly increase
protein-folding capacity. If all these efforts still cannot rescue the cell from the
protein folding mediated ER stress, the cell will undergo apoptosis (1, 8). Of
these three pathways, only the Ire1/Xbp1 and ATF6 pathways are UPR-specific,
whereas the PERK pathway is shared with other cellular stress pathways such
as those involved in amino acid deprivation, infection with double-stranded
RNA viruses, and mechanical stress. As the UPR pathway is centralized by
the UPR-specific transcriptional events, detection of the overall UPR-specific
transcriptional activation should provide a means to monitor or even quantify
levels of UPR activation in cells under ER stress.

2. Materials and Methods
2.1. Cell Culture, Transfection, Cloning, and Stress Induction

For transient expression, HEK293 cells were transfected with UPR-inducible
reporter plasmids using lipofectamine 2000 (Invitrogen), and cell lysates were
harvested 24 hours later as described below. Stable CHO cell lines were obtained
by transfecting a CHO host cell line or recombinant antibody expressing final
clones with UPR-inducible reporter plasmids, followed by selection with G418.

2.2. DNA Constructs and Luciferase Assay

The UPR inducible promoter was synthesized and replaced Gal4 enhancers of
the FIREfly luciferase reporter plasmid (Promega). For the luciferase assay cells
were transfected and cell lysates were analyzed for luciferase activity according
to the manufacturer’s protocol (Promega).

2.3. Western Blot Analysis

Cells were lysed and subjected to sodium dodecyl sulfate-polyacrylamide gel
electrophoresis under reducing conditions, transferred to PVDF membrane, and
probed with the indicated primary antibodies using standard procedures.

2.4. Antibody Production Process

The positive clones were analyzed in a 10-day fed-batch production assay.
All of the production cultures were harvested on day 10. For all production
assays, parameters such as cell growth, viability, antibody levels/expression titer,
osmolarity, glucose levels, and lactate levels were collected on days 3, 6, 8 and 10.
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2.5. Flow Cytometry Analysis and Fluorescence Microscopy

Cells from passaging and production cultures were collected, stained with PI,
and analyzed by flow cytometry (Caliber, BD) for quantitative analysis of GFP
fluorescence in the cell populations.

2.6. Cell Cycle Analysis

DNAcontent staining and FACS analysis were conducted using the Cell Cycle
Analysis kit according to the instructions of the manufacturer (GenScript).

3. Results and Discussion

3.1. Monitoring of the Endogenous UPR Levels

In the present study, the levels of UPR induction during a CHO cell production
process were investigated. Daily culture samples were taken from a CHO cell
culture production batch and analyzed for the production and expression of UPR
markers by Western Blot (Figure 2). The results clearly show that the levels of
Chinese hamster ovary proteins (CHOP), proteins related to the overall CHO cell
production, increased rapidly on day 1 and BiP was upregulated around day 6
(upper band Figure 2). As BiP plays a central role in the UPR pathway, these
results suggest that UPR activation occurs as a result of the CHO cell culture
production process. Although informative, quantification of overall endogenous
levels of UPR activation by analyzing individual UPR markers was not possible.
In order to monitor and quantify the comprehensive UPR activation in real time, a
UPR-inducible reporter system was designed.

3.2. Quantification of UPR Induction Levels in Cells under ER Stress

To monitor and quantify the UPR levels in real time, a UPR-inducible
reporter system was designed. The UPR-inducible reporter system contained
an enhancer that responds to UPR-specific transcriptional activators, Xbp-1 and
ATF6. The UPR-inducible reporter plasmid constructs also expressed a reporter
gene, either luciferase or a degradable green fluorescent protein (dGFP, Figure
3). Cells were then transfected with the plasmids and monitored for the activity
of the endogenous UPR-specific transcriptional activators during experimental
conditions that simulate ER stress. As the plasmids contain a UPR responsive
enhancer that binds to and is activated by UPR-specific transcriptional activators,
its activation under ER stress will induce the downstream expression of the
gene of interest. Thus UPR activation can be monitored using the reporter gene
products, luciferase or dGFP (Figure 3). The half-life of dGFP is approximately
1 hour, a suitable timeframe for monitoring rapid changes in gene expression.
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Figure 2. SDS-PAGE gel Western blot analysis of a CHO culture production
batch days 0 through 7. Co-spotting against CHOP and BiP shown in the upper

panels. Staining with Coomassie blue.

Figure 3. Schematic diagram of the UPR-dependent stress inducible reporter
construct. Closer look at the UPR responsive enhancer and how ER stress causes

its activation by ATF6 and Xbp-1s.

HEK293 cells were separately transfected with plasmids constructs
containing or not containing a UPR-responsive enhancer and the cells were treated
with increased doses of an ER stressor, tunicamycin (Tc). Tunicamycin induces
ER stress by effectively blocking N-linked glycosylation of newly synthesized
proteins, thereby disrupting protein folding in the ER (9). In response to 2
µg/mL of tunicamycin the control construct displayed low levels of background
luciferase activity, whereas the plasmid containing the UPR-responsive enhancer
(pUPR-luciferase) achieved induction levels for luciferase of greater that 20 fold
that observed in the control (Figure 4). Consistent with these results, de novo
expression of ATF6 was also found to increase by Western blot (data not shown).
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Figure 4. UPR-responsive promoter is activated by increased concentrations
(0-50 μg/mL) of ER stressor tunicamycin in HEK293 cells. Relative luciferase
activity (fold) for HEK293 cells transfected with a plasmid without the UPR
responsive enhancer (control, mock), and HEK293 cells transfected with a

plasmid with the UPR responsive enhancer (pUPR-luciferase) after exposure to
increased concentrations (0-50 μg/mL) of tunicamycin.

Plasmid constructs containing the dGFP reporter gene under control of the
UPR-inducible promoter were transfected into both antibody expressing (rCHO)
and non-antibody expressing (CHO) CHO host cell lines to characterize the
UPR induction levels in real time live CHO cell cultures. Stable cell lines were
generated through drug selection. The cells were then subjected to a fed-batch
(FB) production culture, a batch process that relies on feeding a cell culture
a growth limiting nutrient substrate. UPR induced dGFP expression levels
were measured by fluorescence-activated cell sorting (FACS). In CHO host
cells a comparison of the induction of dGFP expression in controls without
the UPR-inducible promoter (grey peak, Figure 5a) versus passaging cultures
periodically diluted with fresh medium (orange peaks, Figure 5a) revealed UPR
induction was minimal in the latter. On the other hand, UPR induction was
higher in antibody (mAb) expressing rCHO cells in production culture versus the
rCHO cells in passaging culture, which experiences little or no mAb expression
(Figure 5b). These results suggested that recombinant antibody (mAb) expression
activated the endogenous UPR pathway. In addition, the induction levels of
dGFP were significantly higher in continued 10-day fed-batch production cultures
(blue peak, Figure 5) in both CHO host cells and in rCHO cells (Figure 5). This
increased UPR induction in fed-batch culture suggested that endogenous UPR is
activated not only by recombinant protein expression, but also as a result of the
conditions of the production process itself.
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Figure 5. FACS analysis of dGFP as a proxy for UPR upregulation in CHO
production culture from Day 3 (D3) to Day 8 (D8). (a) FACS analysis of CHO
culture without recombinant protein expression and (b) FACS analysis of CHO
culture with recombinant protein expression (rCHO). Legend: control, grey;
passaging culture, orange; 10-day fed-batch production cultures, blue.

3.3. Using Fluorescence Reporters To Monitor Endogenous UPR Activation
during Production Process

The output of dGFP fluorescence for four recombinant CHO cell lines,
each encoding the UPR reporter system, over the entire production period was
monitored to determine the dynamic changes in endogenous UPR activation
levels in real time (Figure 6). The results confirm that UPR induction levels were
relatively low during passage culture and also the early days of the production
culture, but increased markedly on day 3 of production and reached a peak on
day 6 to day 8 for the recombinant mAb producing rCHO clones (Figure 6a).
Interestingly, different recombinant CHO cell clones displayed different patterns
or levels of their respective UPR response, such as timing, duration, and relative
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fold induction (Figure 6). As these parameters directly reflect the endogenous
UPR and protein folding capacity, the differences in UPR induction levels for
different CHO cell lines suggest that the UPR response is highly associated
with cellular performance during the mAb production process. For example, the
cell growth (viable cell density) for clones 1 and 2 were significantly impacted
(Figure 6b) by their early and rapid UPR induction response (day 1, Figure 6a).
Comparatively, the viable cell densities (VCD) for clones 3 and 4 (Figure 6b)
are consistently higher throughout the production process, consistent with their
late UPR induction (day 3, Figure 6a). These results suggested that UPR-induced
transcriptional activation is either simultaneous with or directly involved in cell
cycle arrest (recall that perk is a target gene of UPR activation).

Figure 6. Kinetics of UPR activation is linked to production culture performance
for four recombinant CHO cell clones. (a) Fluorescence mean as a proxy for
UPR induction as a function of passage number and production culture day. (b)
Viable cell densities for production culture from days 0-10. Legend: rCHO clone
1, dashed black line; rCHO clone 2, solid black line; rCHO clone 3, dashed grey

line; rCHO clone 4, solid grey line.
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Figure 7. Kinetics of UPR activation and production culture viability. (a) Real
time production culture analysis for UPR induction levels in rCHOs from initial
passaging to production days 2-8, rCHO clones 1- 4. Legend: rCHO clone 1,
light grey bars; rCHO clone 2, black bars; rCHO clone 3, textured black and
grey bars; rCHO clone 4, dark grey bars. (b) Real time rCHO clone cell viability
in production culture from days 0-10 for rCHO clones 1-4. Legend: rCHO clone
1, dashed black line; rCHO clone 2, solid black line; rCHO clone 3, dashed

grey line; rCHO clone 4, solid grey.

The fold of UPR induction, through the expression of the UPR chaperons and
regulators, represents the capability of the cell to rescue itself from ER stress and is
thus likely to be directly related to cell viability (% viability) and cell productivity
(titer, g/L). As shown in Figure 7, clones 2 and 4 display enhanced UPR induction,
a result that is paralleled by improved productivities (as determined by mAb titer
in g/L, Table 1) and viabilities (% viability, Figure 7b), suggesting that these clones
contain a stronger UPR capacity. The rCHO cell clones with an enhanced UPR
capacity (clones 2 and 4) also generated overall lower levels of lactate (Figure
8a) and lower osmolarities by the end of the production culture (Figure 8b). The
results hinted at the possibility of crosstalk between the UPR and other metabolic
pathways.
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Table 1. Corresponding mAb production titers for mAbs produced in rCHO
clones 1-4 outlined in Figure 6-7

rCHO
Clone

mAb
Production Titer (g/L)

1 1.2

2 2.1

3 1.7

4 2.4

Figure 8. Recombinant CHO production cultures metabolite profiles for rCHO
clones 1-4. (a) Lactate levels (g/L) for the production culture (day). (b) Cell
culture osmolarity (mOsm) for the production culture (day). Legend: rCHO
clone 1, dashed black line; rCHO clone 2, solid black line; rCHO clone 3,

dashed grey line; rCHO clone 4, solid grey line.
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3.4. Defining the Association between UPR Activation and Processing
Conditions

As demonstrated previously (Figure 5), CHO host cell lines not expressing
recombinant proteins displayed elevated UPR activation during production,
suggesting that the fed-batch production condition itself is able to cause a certain
level of ER stress. It is possible that the accumulation of metabolic end-products
that result from rich production base and feed media may negatively impact cell
growth and productivity.

Figure 9. Real time fluorescence mean data (as a proxy for UPR induction levels)
for rCHO cultures (5 and 6) allowed to grow under fed batch (FB) conditions
(dashed lines) or daily media exchanged (solid lines) culture conditions for an
entire production culture period (6 days). Legend: rCHO clone 5, black lines;

rCHO clone 6, grey lines.

Figure 10. Impact of ME on UPR induction under FB media conditions. UPR
induction levels in rCHO production culture from day 1-20. Legend: black line,

control (no ME); grey line, ME batch.
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To assess whether this fed-batch culture-mediated ER stress was the result
of chemical stress from the accumulated metabolic end-products, the UPR
induction levels in production cultures with or without daily media exchange
were compared (Figure 9). The results reveal that cells cultured with daily media
exchange (ME) displayed consistently lower UPR levels (Figure 9), suggesting
that the accumulation of one or more metabolic end-products from fed-batch
production culture caused ER stress.

Figure 11. The impact of osmolarity on the UPR in rCHO cells. (a) UPR
induction over the production culture period at 310 mOsm, 400 mOsm, and 500
mOsm media conditions. (b) Cell viability over the production culture period at
310 mOsm, 400 mOsm and 500 mOsm media conditions. Legend: 310 mOsm, ●;

400 mOsm, ▪; 500 mOsm, ▴.

3.5. The Impact of Alleviating ER Stress Associated with Metabolite End
Product Production

ER stress that results from the accumulation of metabolic end products can be
alleviated by removal of the end products. To achieve this, a fraction of the fed-
batch CHO production culture was exchanged for a fresh fed-batch culture media
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(media exchange, ME) at day 7. The results revealed that cells treated with ME
displayed significantly reduced UPR activation levels within 24 hours compared to
controls (Figure 10a). The reduced UPR induction also correlated with an increase
in cell viability and growth (data not shown).

Taken together the results indicated that the accumulated metabolic end
products produced from cells during fed-batch culture caused ER stress. The
results also suggest that to a certain point UPR activation could be dynamically
regulated.

3.6. The Impact of Osmolarity on the UPR Pathway

Osmolarity increases during CHO cell production, and therefore is another
form of chemical stress. Osmolarity increases either as a result of intervention
(e.g., base addition), by the addition of compounds as feed, or because metabolites
released from the cell accumulate in the culture supernatant. To determine whether
increased osmolarity induces a UPR activation during CHO production, CHO cells
were directly cultured in production media under hyperosmotic conditions (Figure
11).

It was found that hyperosmotic conditions by adding sorbitol into the
production medium (400 and 500 mOsm) showed a more significant increase
UPR induction than normal conditions (310 mOsm) (Figure 11a). Subsequently,
UPR activity associated with hyperosmolarity was correlated with immediate cell
cycle arrest (data not shown) with concomitant decrease in cell viability (Figure
11b).

4. Conclusion

In conclusion a UPR reporter system was constructed and used to detect and
quantify the UPR response in real time live cells as a result of different kinds of
stress signals, such as chemical stress, nutrient limitation (data not shown), and
hyperosmolarity. Using this monitoring system, it was found that UPR activation
is dynamicwith the timing and fold of UPR induction directly correlating to the cell
culture conditions. As the kinetics of UPR vary for different clones, monitoring
levels of UPR induction can also provide information during cell line development,
which might ultimately influence clone selection.

This UPR monitoring system has many potential applications. It can be
used to monitor environmental changes in cell culture, such as raw materials
or microbial/viral contaminations that result in changes in productivity and cell
viability. This UPR monitoring system also allows for rapid detection of changes
in ER stress that may be otherwise difficult to monitor by examining growth and
viability alone. This UPR monitoring system also has the potential to be used
to study signaling crosstalk between UPR and other cellular pathways, thereby
identify potential routes to enhance the yield of therapeutic proteins generated in
mammalian cell cultures. Lastly, this monitoring system could provide a means
to screen potential therapeutic drugs inhibiting the UPR in the treatment of cancer
(10).
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Chapter 3

Case Studies in the Application of Aqueous
Two-Phase Processes for the Recovery of High

Value Biological Products
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*E-mail: mrito@itesm.mx. Phone: +52 (81) 83284132.

Fax: +52 (81) 83581400

Mammalian, microbial (bacterial and yeast), and plant cells
are effective expression systems used commercially to produce
mass quantities of biological, pharmaceutical, or chemical
products of interest. However, there is the need to establish
selective and scalable methods of product recovery that
integrate effectively with upstream cell cultures to rapidly
yield products in a state suitable for validation operations. The
current state of the art purification and recovery methods utilize
well-established multi-step processes (e.g. product release,
solid-liquid, concentration and chromatography steps) that
usually result in low yield and high process cost. In this key
note address a series of case studies were presented where
an aqueous two-phase system (ATPS) extraction, an existing
bioengineering strategy, was used to alleviate many of the
previously mentioned existing process constraints. Specific
case studies utilizing ATPS were presented for the purification
of Rotavirus-like particles from insect cells, colorant proteins
(i.e. C-Phycocyanin and B-Phycoerythrin) from microbial
origin, human granulocyte-colony stimulating factor (hG-CSF)
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from alfalfa, fractionation of PEGylated proteins, and stem
cells. Conclusions will be drawn concerning the use of ATPS
in downstream processes that can greatly simplify the current
way in which bioproducts are recovered.

1. Introduction

The recovery and purification of bioproducts (antibody, protein, chemical
compound, etc…) produced in a host system requires separation of the product
of interest from components of the host system, cellular debris, and other
contaminants after production. In general a bioprocess involves two major steps,
production (fermentation) and bioseparation (primary recovery and purification).
The process route in the bioseparation step depends upon the nature of the product
of interest (extracellular or intratracelluar). Extracelluar products are located
in the fermentation media culture and processed in a multi-step purification
process that includes a primary isolation procedure (usually involving solid-liquid
separation, product concentration and major contaminant removal operations), a
high-resolution purification procedure (usually involving chromatographic steps),
and a final polishing step (usually a drying step). Intracellular components are
liberated from the cell after cell lysis, and the debris is removed, the remaining
intracellular components are concentrated and fed through the mentioned
purification processes (Figure 1).

Figure 1. Schematic summary of the product production process with aqueous
two-phase system (ATPS) added in primary recovery process.

In an effort to purify the target product more efficiently and effectively the
primary recovery of the product was achieved using an aqueous two-phase system
(ATPS) (Figure 1). ATPS can be exploited to separate the product of interest from
major contaminants. ATPS is a well-known liquid-liquid fractionation technique
that exploits the difference in solubility (or affinity) of the product of interest
and the contaminant in two different immiscible aqueous phases (1). The two
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immiscible aqueous phases are generated either by mixing two water-soluble
immiscible polymers (e.g. polyethylene glycol (PEG) and dextran) or a single
water-soluble polymer and a buffer (e.g. PEG and phosphate) . As most biological
products are water soluble, this allows a platform for extraction in an aqueous
environment. Inserting ATPS as a unit operation integrates and intensifies a
primary recovery process in an easily scaled-up, economical process that can be
used in continuous or in batch mode. Integration refers to the combination of
two or more unit operations (processing stage) into one that achieves the same
goal. Intensification means more material can be loaded without altering already
established process capability. ATPS can be used on pilot or industrial scale
rather economically.

Figure 2. Cartoon view of a simplified aqueous two-phase (ATP) extraction.
Aqueous polymer phase (top phase) and aqueous salt/buffer phase (bottom
phase) are immiscible. Exploiting the preferential solubility of the product of
interest (red balls) versus contaminants (light blue balls) in opposite phases

allows for an efficient extraction and isolation of each component. The affinity of
both components in the particular aqueous polymer phase or the buffer phase is

based on their partition coefficient, Kp.

In ATPS two immiscible aqueous solutions are carefully selected based upon
the thermodynamic partition coefficient (Kp) of each component in each phase
(Figure 2) (1, 2). In a general sence (in the absence of solute-solute or solute-
solvent interactions) the Kp can be defined according to the concentration of a
single molecular species in two phases if they are at equilibrium with one another,
using equation (1) (1, 2).
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Where CT is the concentration of the un-ionized product of interest (or the
un-ionized contaminant) in the top phase and CB is the concentration of the un-
ionized product of interest (or the un-ionized contaminant) in the bottom phase.
To concentrate a product of interest (or contaminant) in the top phase its partition
coefficient must be greater than 1 (Kp >1) (3). The partition behavior depends
not only on the system parameters (polymer molecular weight, tie line length
(TLL), volume ratio (VR), pH, sample loading, and temperature), but also the
physiochemical properties of the product (or contaminant) such as its molecular
weight, isoelectric point (pI) or pKa, and hydrophobicity (1). In an ATP extraction
the Kp of each component can be optimized by manipulating parameters such as
pH, concentration of a certain reagent, and ionic strength such that the product of
interest can be forced into a phase (in this case the upper aqueous polymer phase)
while the contaminants are simultaneously forced into the opposite phase (in this
case the aqueous salt/buffer bottom phase, Figure 2). This type of partitioning
can be seen graphically as mixture of two phases. The information in this binodal
graph is critical whenworking with ATPS. In this phase diagram twomajor regions
a monophasic region and a biphasic region are generated. The biphasic region is
the region of interest for ATPS, with the area above the binodal curve providing
conditions that generate two-phase system. Depending on the system parameters
the composition of the coexisting phases and a tie line length (TLL) value can be
determined. From the graph the tie line (TL) is the thermodynamic equilibrium
between the two phases and is related to the concentration of polymer (or salt)
forming phases (1). TLL is determined according equation (2) (1). In a particular
TLL, different ATPS can be selected, these systems will have the same TLL but
different volume ratio (VR). The VR is defined according to equation (3):

Where ΔC12 and ΔC22 are squares of the differences (absolute) in the phase
forming constituents C1 and C2 in the top and bottom phases and VT is the volume
of the top phase and VB is the volume of bottom phase.

Taken together when optimized ATPS offers a potentially efficient extraction
protocol where one can simply select conditions where the target protein is, for
example, more soluble in an upper aqueous polymer phase, while the contaminants
are soluble in a lower salt/buffer phase. The current presentation presented a
summary of case studies that utilize ATPS extraction as an in process step in the
primary recovery stage to simplify purification of Rotavirus-like particles from
insect cells (4), C-Phycocyanin (5) and B-Phycoerythrin (6) frommicrobes, human
granulocyte-colony stimulating factor (hG-CSF) from alfalfa (7) (and additionally
touched upon the potential use of combined 2D electrophoresis to identify process
parameters for optimum ATP extraction - which will not be discussed here) (8),
fractionation of PEGylated proteins (9), and stem cells (10).
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2. Case Studies: Application of ATPS
2.1. ATPS in the Primary Recovery of Double-Layered Rotavirus-Like
Particles (dlRLP)

Virus-like particles (VLP) are viral mimics that contain the main structural
proteins of a virus of interest, but lack the genetic material to become infectious.
Successful bioproduction of VLPs is achieved by expression of recombinant
structural proteins without expression of non-structural proteins and genetic
material in a host (such as in mammalian, yeast, plant, or insect cells) (11).
Among other functions VLPs can be used in the development of vaccines (12)
and nanomaterials (13).

Figure 3. Outline of the unit operations for the primary recovery of Rotavirus-like
particles (dlRLP) from insect cells: (a) current process; (b) ATPS process.

Modified from reference (4).

In this particular project we studied the application of an ATP extraction
system for the recovery of a double-layered Rotavirus like particle (dlRLP) that
was produced on an 1000 ng/mL scale in the insect cell-baculovirus expression
system. Like most VLPs, dlRLPs, are difficult to purify (14). DlRLPs structurally
contain two protein layers an inner layer composed of VP2 protein and an
outer layer composed of VP6 protein. Purification of dlRLP with ATPS was
thought to be an attractive alternative purification process to produce a vaccine
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against Rotovirus infection, which kills 500,000 children a year as a result of
acute gastroenterritus (15). Currently, the protocol in place for the isolation of
Rotavirus-like particles is tedious and involves a five-step process (Figure 3,
left). These steps include insect cell culture (Step 1), centrifugation (Step 2),
a sucrose cushion (Step 3, where particle mixture is pelleted through a pad of
sucrose leaving particles intact), a Cesium Chloride (CsCl) gradient (Step 4, a
sedimentation method that separates particles by density), and ultrafiltration (Step
5, Figure 3) (4, 7). DlRLP recovered from this process has high product purity
(90%), but suffers from a very poor yield (<2%) (4, 7). To improve the process
ATPS was added as an in process step (Step 4, Figure 3), after centrifugation (Step
2) and cell disruption (Step 3) (4). In this modified process, unlike in previous
protocols (4, 7), the intracellular and extracellular components were separated
after centrifugation as previous studies revealed that approximately 60% of the
total dlRLP from the insect cell culture are contained in the supernatant and
the remaining 40% are intracellular , and both were carried through to the end
(Step 3-5). The overall process provided dlRLP in a high purity (90%) with a
dramatically improved recovery (85%) in comparison to previous non-ATPS
methods. The process is not only efficient, but in contrast with the previous
method, this prototype process is suitable to be scaled-up (unpublished results).

2.2. Recovery of Natural Colorants from Microbial Origin

Not only can ATPS be used to purify virus-like particles, but it can also
be applied to the recovery of natural colorants or cyanobacterial bioproduced
in microbes (5, 6, 16, 17). In fact C-phycocyanin, a naturally occurring
protein-pigment complex was bioproduced in Spiruluna maxima and isolated in
a compact process that included only five non-chromatographic unit operations
(5). The chromophore that associates with C-phycocyanin is a phycocyanobilin,
this chromophore is present in the light-harvesting phycobiliprotein family
that includes phycoerythrin (Figure 4) (18). The isolation of C-phycocyanin
process (with its bound chromophore) included a step with ATPS, and provided
C-phycocyanin in good yield (28%) and high purity (3.9, ratio of the absorbance
intensities at 620nm to 280nm) (5). Commercially C-phycocyanin is valued at
$15,000 per gram of material. Similarly, B-phycoerythrin (BPE, Figure 4) a
protein-chromophore covalent complex (also with bound phycocyanobilin, Figure
4) was also isolated using a modified ATPS procedure (6). Like C-phycocyanin,
BPE also has various commercial applications as a colorant or marker in the
food, cosmetic, pharmaceutical and chemical industries . BPE was recovered
and purified from the red microalga Porphryidium cruentum after cell disruption
using isoelectric precipitation (6). Subsequent polyethylene glycol (PEG) and
phosphate buffer mediated ATPS extraction provided the pink colorant in high
yield (72%) and purity (4.1) (6). The results were patented and have been scaled
to a pilot plant process that is under evaluation and validation . ATPS extraction
can be applied for the recovery and purification of many other bioproduced
products such as B-carotene, lutein, or recombinant proteins (16, 17).
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Figure 4. Phycocyanobilin is the typical chromophore present in the
light-harvesting phycobiliprotein family that includes phycoerythrin. The

[Phycocyanobilin + C-phycocyanin] complex absorbs and emits light at λabs/λem
= 620/650 nm and the [Phycocyanobilin + Phycoerythrin] complex absorbs and

emits light at λabs/λem = 550 /575 nm (18).

2.3. Experience with ATPS Plant-Based Bioprocess Development

The ATP extraction system is a useful tool to isolate products from not
only animal and microbial cells, but also from transgenic plants. Transgenic
plants are a cheaper, and thus more attractive, hosts to scale-up the production of
bioproducts (<$100/gram) versus production of similar products in mammalian
cell culture ($10,000/gram) (19). As greater than 90% of the costs in a bioprocess
are associated with the down-stream processes (costs associated initial capture
and purification), to make plants an even more attractive bioproduction host
the cost of downstream processes must also be economical (7, 20). The use of
plants as a bioproduct host is not a novel idea; transgenic plants have been used
as platform for the production of biopharmaceuticals from tobacco, maize, soy
beans, and recently alfalfa (7, 20). Unfortunately, the bioproduction in plants does
have its limitations. These limitations include a low yield of the target product,
inconsistency in product quality, and a production system with a large amount
of contaminant (7, 20). With these limitations in mind, and the added goal to
limit costs, we sought to apply our ATPS in the purification and recovery of a
bioproduct from a plant.

As a model system human granulocyte-colony stimulating factor (hG-CSF),
a glycoprotein, was produced in alfalfa (7). Hg-CSF has been expressed in
Escherichia coli, common yeasts, mammalian cells, and in tomato and tobacco
(7). HG-CSF was chosen, as it is an important glycoprotein used in the
treatment of neutropenia in cancer therapy, in bone marrow transplants, and in
HIV-associated neutrophil defects (21). Unfortunately, hG-CSF treatment is
expensive. The average cost per milligram is $800 and a single dose costs $250
(21). To lower these costs and to provide an attractive alternative production
process, we investigated the production of hG-CSF in plants and utilized our
ATPS technology during the recovery and purification process (7, 20).

Again the overall process strategy was simple, with three major steps in
the isolation of hG-CSF from alfalfa. The first step was to understand and
characterize the behavior (i.e. partitioning in a particular aqueous solution) of the
major contaminants from the plants using ATPS. The second step was to identify
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and characterize the partition behavior of the model protein using ATPS. The last
step was to identify and characterize the aqueous partitioning behavior of the
mixture using the optimize ATP phase conditions.

Table 1. Summary of ATP extraction conditions screened for the recovery of
host cell contaminants from the bioproduction of hG-CSF in alfalfa (7)

Ent-
ry

PEG %TLL (p/p) K P % Recov. % Recov.

Size Top Phase Bottom Phase

1 600 32 ND 71 0

2 600 37 62.7 74 4

3 600 42 16.6 75 7

4 600 45 7.2 69 19

5 1450 27 5.0 54 14

6 1450 34 3.2 50 18

7 1450 42 3.0 44 17

8 1450 48 4.9 43 18

9 3350 42 1.7 19 17

10 3350 46 0.8 14 17

11 3350 51 1.1 21 18

12 3350 56 1.8 16 22

13 8000 21 ND 0 47

14 8000 36 0.1 7 65

15 8000 43 0.6 2 28

16 8000 48 0.6 18 23

Extraction of hG-CSF from its alfalfa host contaminants using an ATPS
was achieved, but was highly dependent on the size of the PEG polymer used to
generate the aqueous solution. For purposes of this discussion the term molecular
weight (MW) refers to the size of the PEG polymer added to an aqueous solution
to generate different immiscible aqueous polymer solutions. Four PEG sizes
or MWs were investigated PEG600, PEG1450, PEG3350, and PEG8000. In
addition to investigating different sizes of the polymer added into the aqueous
phase, the concentration of the polymer was also increased, as indicated with
the increasing %TLL (Table 1). Following the previous outlined steps we first
concentrated the contaminant in the top phase using PEG600 and PEG1450, with
a recovery ranging from 69% - 71% for the former and 43% - 55% for the latter.
The contaminant could also be concentrated in bottom phase using PEG8000,

40

D
ow

nl
oa

de
d 

by
 U

N
IV

 I
L

L
IN

O
IS

 U
R

B
A

N
A

 o
n 

M
ar

ch
 1

0,
 2

01
3 

| h
ttp

://
pu

bs
.a

cs
.o

rg
 

 P
ub

lic
at

io
n 

D
at

e 
(W

eb
):

 M
ar

ch
 8

, 2
01

3 
| d

oi
: 1

0.
10

21
/b

k-
20

13
-1

12
5.

ch
00

3

In Developments in Biotechnology and Bioprocessing; Kantardjieff, A., et al.; 
ACS Symposium Series; American Chemical Society: Washington, DC, 2013. 



all be it with a significantly wider range in recovery 23% - 65%, and suboptimal
Kp (Kp < 1). The results give two options for how to force the contaminants in
one phase (top or bottom), with Entries 1, 6 and 14 (Table 1) standing out as
the highest recovery extraction conditions. Moving onto step 2 we were able
to force the recombinant hG-CSF (rhG-CSF) into the top phase of PEG600,
PEG1450, or PEG8000 ATPS-phosphate at pH of 7 and VR = 1 with a percent
recovery of 72%, 98%, and 78%, respectively (Table 2). Quantification of protein
was determined using a standard Bradford protein assay (22) and confirmed by
SDS-Page electrophoresis (7). Based upon the combined results of step 1 and
step 2, PEG8000 with a %TLL of 35 (Entry 14, Table 1 and Entry 3, Table 2)
presented the optimum profile where the plant contaminants were forced to reside
in the bottom phase (65% in the model) while a majority of the rhG-CSF was
forced to reside in the top phase (78% in the model) (7). In the step 3, the behavior
of the mixture (production contaminants + hg-CSF) was characterized using the
optimized ATPS (PEG8000, %TLL 35, VR = 1, pH 7, PEG 8000-Phosphate salts).
The overall process was successful and rhG-CSF was extracted in the top phase
from contaminants (7). SDS-Page of the two phases (layers) in comparison to
contaminants confirmed this result (7).

Table 2. Summary of ATP extraction conditions screened for the recovery of
hG-CSF from host cell contaminants after its bioproduction in alfalfa (7).

Not determined = ND, KP not determined

Entry PEG %TLL %PEG %
K2PO4

% Recov. % Recov.

Size (p/p) (p/p) (p/p) Top Phase Bottom Phase

1 600 32 15 18 72 ND

2 1450 34 16 14 99 ND

3 8000 36 16 11 78 ND

2.4. Separation of PEGylated Therapeutic Proteins Using ATPS

PEGylation is the process of covalently attaching a polyethylene glycol
(PEG, H(OCH2CH2)nOR) group onto the surface of a drug molecule or protein
(where R = the drug molecule or protein, Figure 5) (9). The covalent attachment
is formed after the molecule of interest is treated with a methoxy-PEG (mPEG)
that has only one reactive hydroxyl group (which avoids the formation of crossed
linked products) and has been approved for use in pharmaceutical preparations
(23). PEGylation of a drug molecule or protein can hide it from degradation
enzymes, reduce immunogenicity, enhance physical and thermal stability, increase
solubility or in vivo circulation time (24). PEGylated proteins have been approved
by the US Food and Drug Administration (FDA) (24).
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Figure 5. Cartoon view of PEGylation reaction (a) and its products (b).

In this case study ribionuclease A and α-lactalbumin were PEGylated (9).
Unfortunately, because a protein possess multiple reactive sites a population
of over PEGylated conjugate species, such as mixture of native protein
(non-PEGylated), mono- and di-PEGylated (Figure 5) that exhibit differences
in biological activity were produced in the PEGylation reaction (24). For our
purposes the mono-PEGylated proteins were of interest, thus we sought to apply
our ATPS technology to isolate the desired mono-PEGylated proteins. The
challenge was to recover and purify these products from other reaction products
and then to sub-fraction the different PEGylated compounds. The separation of
the mono- and di-PEGylated compounds was achieved chromatographically, in
collaboration with researchers as Carnegie Mellon University (25).

The ATP partitioning behavior of the various PEGylated conjugates of
ribonuclease A were investigated using four different aqueous PEG polymer
sizes (PEG400, PEG1000, PEG3350 and PEG8000) at different TLLs (15, 25,
35, and 45 % w/w) and the results were plotted in a graph of lnKp as a function
of %TLL (% w/w, Figure 6). The results clearly demonstrate that the various
PEGylated ribonuclease A conjugates can be separated from the native protein
using PEG8000, as demonstrated by their sub-fractionation in opposite phases at
a %TLL of 35 (Figure 6). Similarly, sub-fractionation of native α-lactalbumin
from its PEGylated conjugates was also possible, although to a lesser degree than
with ribonuclease A, with aqueous PEG8000 using an ATPS as demonstrated
by their sub-fractionation in opposite phases at a %TLL of 35. An interesting
observation in these experiments was that the native proteins tend to concentrate
in bottom phase of the ATPS and the PEGylated compounds in the upper phase,
under the conditions investigated. Unfortunately, separation of the mono- from
the di-PEGylated ribonuclease and α-lactalbumin has yet to be realized and is
still ongoing. However, we present the isolated yields for the various mixtures
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of the PEGylated conjugates of ribonuclease A and α-lactalbumin versus their
native proteins isolated from these ATP extraction experiments are shown in
Figure 7. The results do demonstrate that ATP extractions also have the potential
to separate native proteins from the PEGylated analogues (9).

2.5. Aqueous Two-Phase System Bioengineering Strategies for the Potential
Recovery and Purification of Stem Cells

Recent efforts in our group have extended the application of ATPS technology
into an entirely new area, the recovery and purification of live and viable cells,
specifically stem cells (26). Currently, the isolation process is performed on bench
scale, and suffers frommany limitations (26, 27). Our goal in this area is to develop
a scalable, rapid, economic and novel bioengineering strategy for the recovery and
purification of stem cells exploiting non-conventional technologies, such as ATPS,
that will allow for manipulation of high quantities of sample, reduce losses and
processing times. Two strategies are currently being explored that include the use
of a density gradient ATPS (Strategy 1) or the use of immunoaffinity ATPS, which
includes free antibody or PEGylated antibody binding or immobilized antibody
labeled microbeads (Strategy 2).

Efforts have focused on the isolation of CD133+ stem cells from human
umbilical chord blood using first a well known procedure, lymphoprep (28).
CD133+ are implicated in the treatment of many degenerative and chronic
diseases, and thus a scalable isolation process is necessary. After isolated by
lymphoprep the behavior of the stem cells was analyzed by flow cytommetry and
7AAD. Flow cytommetry and 7AAD steps are essential to ascertain cell viability,
as all isolated stem cells must be alive and viable to be of any therapeutic use (29).

Efforts in the arena are ongoing and thus in progress. Briefly, novel ATPS
exploiting the binding of antibodies and/or PEGylated antibodies to stem cells
(Strategy 2) is the most promising way to direct (or force) stem cells into a
particular phase (Figure 8). PEGylation of an antibody (that selectively binds to
CD133+ stem cells) forms a tightly associated complex with the stem cell and
thus may influence the partition coefficient for complex in a particular phase of an

ATPS (Figure 8). Recently, we disclosed that PEGylation of Biotin (H2NPEG ,

where = Biotin) was achieved (30). Further, the PEGylate Biotin could bind

to Streptavidin ( ) and to another Biotin-CD133+ cell ( CD133) forming

a complex of all three components (H2NPEG(- - CD133, Figure 8) (30).
Whether or not the PEGylated complex to influences or enhances solubility is as
yet unclear.

In last part of Strategy 2 combining this immunoaffinity guided ATP
extraction process onto solid support, with immobilized affinity labeled
microbeads may provide an alternate strategy for the selective isolation of stem
cells from contaminants in two-phase system. Finally there is a recent review
covers all uses of ATP technology in the purification of bioproduced products
(26).
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Figure 6. Plots of lnKp versus %TLL (p/p) for the ATP extraction of ribonuclease
A. (a) PEG400 (top phase)-phosphate (bottom phase); (b) PEG1000 (top

phase)-phosphate (bottom phase); (c) PEG3350 (top phase)-phosphate (bottom
phase); (d) PEG8000 (top phase)-phosphate (bottom phase). Kp = partition
coefficient and TLL = tie line length. Legend: ♦ = native ribonuclease A, ▪ =
mono-PEGylated ribonuclease A, ▴ = di-PEGylated ribonuclease A (9).

Figure 7. Recovered yields for the purification of ribunuclease A and
α-Lactalbumin using an ATPS of PEG8000-phosphate. (a) mono- and
di-PEGylated ribonuclease A from native protein (b) and mono- and

di-PEGylated α-lactalbumin (9).
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Figure 8. Schematic look at the methods for isolating CD133+ stem cells using
ATP according to Strategy 2. (a) Immunoaffinity based (CD133 antibody-stem
cell) partitioning in ATPS; (b) PEGylated antibody ATPS based; and (c) Cartoon

representation of the association of PEGylated Biotin (H2NPEG , =
Biotin) to Streptavidin ( ) and to another Biotin-CD133+ cell ( CD133)

forming a complex of all three components (30).
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3. Conclusions
One of the major outcomes of all the strategies presented is that the product

and contaminant partition characterization in an ATPS is key to proposing initial
recovery conditions. An improved understanding of what drives ATP processes
have resulted in the rapid establishment of strategies for the recovery of biological
products. Further ATPS strategies are easy, scalable, and economical and as such
are suitable vessels to help biotechnology engineers face the new challenges
in downstream processing. ATPS can contribute with the existing techniques
to address current and new problems of the biotechnology industry. However,
challenges such as handling high numbers of cells or high products concentration
still needs to be addressed (Product >10g/L, Cell concentration > 40% w/w).
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Chapter 4

Utilizing mAb Adsorption Isotherms To
Direct Process Development of a Strong
Cation-Exchange Chromatography Step

Christopher Gillespie*

EMD Millipore, 80 Ashby Road, Bedford, Massachusetts 01464
*E-mail: Christopher.Gillespie@merckgroup.com.
Phone: +1 (781) 533-5643. Fax: +1 (781) 533-5612

In spite of the development of alternative strategies to deal with
downstream bottleneck concerns ion-exchange chromatography
remains a useful tool that can be applied either in early or
late-stage purification of monoclonal antibodies (mAb). Using
two separate mAbs, adsorption isotherms and linear gradient
elution studies were conducted. The goal was to understand
the impact of loading, washing, and elution conditions on the
dynamic binding capacity (DBC) and process yield obtained
during preparative cation exchange (CEX) chromatography.
Although adsorptive capacities were relatively salt insensitive
at low pH values, optimal salt concentrations that maximized
adsorption capacity were observed at higher pH values. Further,
the yield of mAb from the preparative chromatographic runs
was found to be dependent upon both its characteristic charge
and the time the mAb was bound to the chromatographic
resin. A theory is presented that will help explain the salt
and pH dependent adsorption capacity trends, as well as
the resulting mAb yield data. Finally, the use of adsorption
isotherm information in the development of a strong CEX
chromatography step will be discussed within the context of
both direct capture and polishing of mAbs.

Keywords: Monoclonal antibodies; mAb purification;
adsorption isotherms; dynamic binding capacity; static binding
capacity; linear gradient elution; Langmuir isotherm

© 2013 American Chemical Society
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1. Introduction

Monoclonal antibodies (or mAbs) are identical colonies of monospecific
antibodies that recognize only a single type of antigen. MAbs are useful tools in
molecular biology and in medicine, where they can be used in diagnostics or as
part of a monoclonal antibody therapy. In the latter, mAbs bind to a specific target
or epitope, such as a tumor/cancer cell, and elicit an immune response. Some
mAbs have been approved for clinical use by the FDA for the treatment of cancer
(1), autoimmune diseases (2), and transplant rejection (3).

Industrially, mAbs are produced from mammalian cell cultures, e.g.,
hybridoma and Chinese Hamster Ovary (CHO) cells (4). In vitro mammalian
cell cultures are grown in a nutrient rich growth media. Prior to clinical use of
a therapeutic mAb, the product must be extracted from impurities such as host
cell proteins (HCP), DNA, media components and other process impurities. As
interest in the field has grown and methods to generate antibodies improved,
antibody titers have steadily increased reaching 10 grams/liter with nearly 14 tons
of monoclonal antibodies produced annually (5). This rapid increase in the output
of mAbs has created a bottleneck within the downstream purification process.

Traditionally, mAb purification is performed following a platformed
approach, where the first step is typically an affinity capture-step using Protein
A chromatography followed by further polishing steps, commonly anion and/or
cation exchange chromatography. Protein A affinity chromatography, although
economically expensive, is extremely useful as it is very robust to processing
conditions (e.g., salt insensitivity during loading and elution) and has been
observed to produce mAbs to purity levels ≥ 95 % in a single step. However,
relatively harsh elution conditions can cause Protein A to leach/leak from the
column into the mAb elution pool. As Protein A is a toxic compound (6),
subsequent purifications are required to remove it from any biological sample.

To further reduce the impurity levels additional polishing steps, such as
anion and/or cation exchange chromatography, have been employed. CEX
chromatography is useful in mAb purification as it can be employed to remove
specific impurities such as leached protein A, mAb aggregates (which are often
removed concomitant with a yield compromise), and to a lesser extent HCP and
DNA. CEX chromatography can be attractive as an alternative capture method
for mAbs as it offers the potential of being a less expensive high capacity step.
Unfortunately, the use of CEX chromatography for mAb purification is not
without pitfalls, which include that it is not as robust as using Protein A affinity
methods, and it requires more empirical development in comparison to the
traditional Protein A affinity step.

Independent of the location within the downstream purification train the
process development of a CEX step can be potentially time consuming. Here
we describe how adsorption isotherms of mAbs can be employed as a predictive
tool in the development of a purification step using a resin of choice. Adsorption
isotherms are plots of the equilibrium adsorption capacity of a substance (q)
– in this case mAbs – as a function of its free concentration in solution (C*).
Further, we report the development of a strong CEX polishing step to purify
an in-house mAb. The adsorption isotherms were determined as a function of
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different solution conditions - varying pH and salt – for a specific CEX resin,
Fractogel® SO3- (M). The results provided potential operating windows for the
binding, washing, and elution conditions. Linear gradient elution studies were
performed to assess mAb-resin interactions as a function of solution conditions
while dynamic binding capacities (DBC) were measured and compared to the
static binding capacities (SBC). The combined analysis provided insight into
how to optimize the CEX chromatography step that was used as a post-Protein A
polishing step, improving both HCP and DNA clearance.

2. Materials and Methods
2.1. Materials

All solutions were prepared in ultrapure distilled water produced using a
Milli-Q® system (EMD Millipore, Billerica, MA, U.S.A.) with a background
buffer of 20 mM sodium acetate (Sigma Aldrich, Saint Louis, MO, U.S.A.) titrated
to pH 4, 5 or 6 using 10 N NaOH and/or 6 M HCl. The ionic strength (Na+ ion
concentration) of the solutions were adjusted by adding NaCl (Fisher Scientific,
Pittsburgh, PA, U.S.A.). Fractogel® SO3- (M) (EMD Millipore), a strong cation
exchange resin, was supplied in 20 % ethanol with 0.15 M NaCl. The resin was
washed with water followed by equilibration into the buffer of interest. The
mAb was produced in-house in CHO cells that were clarified by depth filtration
followed by Protein A purification using ProSep®-vA High Capacity media
(EMD Millipore). HCP concentrations were measured using a HCP ELISA
(Cygnus, Southport, NC, U.S.A.) following the manufacturer’s protocols (11),
while DNA was quantified using a qPCR assay (Applied Biosystems, Foster
City, CA, U.S.A.) according to the manufacturer’s directions. MAb concentration
was measured using either absorption at 280 nm with an extinction coefficient
of 1.532 ml mg-1 cm-1 or Protein A HPLC using a POROS® A HPLC (Applied
Biosystems) column on an Agilent 1260 HPLC (Agilent, Santa Clara, CA,
U.S.A.).

2.1.1. Solid Support and Chromatography

The CEX resin investigated here was Fractogel® SO3- (M) (Figure 1) (7).
The resin is a strong cation exchanger – meaning the negative charges it presents
bind to cations in solution (Figure 1). Fractogel® SO3- (M) was selected as it was
experimentally determined to provide high capacity, high productivity, and a broad
window of operation for our mAb, mAb1. A cartoon representation of the media
is shown in Figure 1, where the flanking sulfonate (SO3-) groups that represent the
anionic binding locations are shown.

All chromatography steps were performed on an Äkta® Explorer 100 (GE
Healthcare, Uppsala, Sweden) with UV-detection at 280 nm. DBC measurements
were performed using a 6.6 mm ID Omnifit column (Omnifit, Danbury, CT,
U.S.A.) packed to a bed height of 3 cm. Linear gradient elution experiments were
performed using a 6.6 mm ID Omnifit column packed to a bed height of 15 cm.
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Figure 1. Schematic view of the Fractogel® solid support used for ion-exchange
chromatography. a) Cartoon of the interaction of the positively charged surface
of the mAb and the negatively charge bead surface. b) Cartoon representation of

the sulfonated tentacle chemistry on the Fractogel® surface.

2.2. Adsorption Isotherm and Static Binding Capacity Measurements

The adsorption isotherms for mAb1 with Fractogel® SO3- (M) solid support
were determined at pH 4, 5, and 6 under varying salt conditions ([NaCl] = 0 – 230
mM, Figures 2-4). The Langmuir isotherm model was fit to the measured static
capacity data according to Equation (1)
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where q is amount of mAb adsorbed on to the resin in mg protein per mL of settled
media, K is the strength of interaction in mL/mg, C* is the equilibrium protein
concentration in solution, and q* is the maximum static binding capacity.

The adsorption isotherms were determined as follows. A known volume of
resin was transferred to 1.5 mL eppendorf® tubes as a slurry and centrifuged. The
buffer was decanted and a known volume of the mAb solution at known solution
conditions (20 mMNaOAc with 0, 30, 80, 130, 180, 230 mMNaCl at pH 4, 5 or 6)
was added. The tubes were left to rotate on a 360° rotisserie for approximately 24
hours. For each solution condition an eppendorf tube containing the same loading
protein solution without resin was also rotated. Following incubation the tubes
were centrifuged and the supernatant was decanted. The remaining soluble protein
concentration was measured by absorbance at 280 nm as described in 2.1. The
mass of protein bound to the resin was determined by mass balance as

where Vl and Vr is the volume of the protein solution and resin added, respectively.
Co is the initial protein concentration added.

2.3. Dynamic Binding Capacity Experiment

Dynamic binding capacities (DBC) were performed after column
equilibration with 20 mM NaOAc at pH 4, 5 or 6, containing NaCl concentrations
ranging from 0 - 230 mM. The protein in the equilibration buffer was loaded onto
the column at 2 mg/mL using a 4 minute residence time with the DBC determined
at 10 % of breakthrough. The bound protein was eluted with a step change to 1
M NaCl followed by column cleaning with 0.5 N NaOH.

2.4. Linear Gradient Elution Experiments

For all LGE experiments the column was equilibrated with 20 mM NaOAc at
pH 4, 5 or 6. The column void volume (Vo) was determined using blue dextran (GE
Healthcare) pulse injections. The salt distribution coefficient (K´) was measured
using NaCl pulse injections. Protein in the equilibration buffer was loaded onto the
column at a concentration of approximately 2 mg/mL to a loaded concentration of
5 g of mAb per L of packed bed. The column was then washed with five column
volumes (CVs) of equilibrating buffer then eluted under a linear gradient of 10-40
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CVs of 20 mM NaOAc, 1 M NaCl pH 4, 5 or 6. The superficial velocity was
maintained at 100 cm/hr (0.57 mL/min) giving a 9.2 min residence time. After the
elution was complete the column was washed with at least 3 CVs of 0.5 N NaOH
prior to each subsequent run.

Figure 2. Adsorption isotherms for mAb1 using Fractogel® SO3- (M) with 20
(υ), 50 (□), 100 (σ), 150 (▵), 200 (●), and 250 (○) mM Na+ in 20 mM NaOAc

at a) pH 4, b) pH 5, c) pH 6.
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3. Results and Discussion

3.1. Adsorption Isotherms and Static Binding Capacities

The adsorption isotherms for a particular monoclonal antibody (mAb1)
of interest were studied at various pH values (pH 4, 5, and 6) as a function
of increasing Na+ concentration (20-250 mM, Figures 2a-c). The resulting
isotherms–saturation curves display the capacity or the maximum concentration
of mAb that will that will bind to the resin under the particular conditions studied,
visually this is the plateau in the graph, q*.

At pH 4 it was observed that the maximum capacity (level of the plateau)
decreased from approximately q = 60 mg/mL to q = 50 mg/mL (Δq = -10 mg/mL)
upon increasing the concentration of Na+ ion from 20 to 50 mM (Figure 2a).
This result is consistent with an ion exchange mechanism, where the increasing
counterion concentration is expected to reduce the media’s binding capacity.
However, at higher concentrations of Na+ (> 50 mM) the capacity does not
decrease further. Rather, it seems to stabilize at higher capacity than what was
observed at 20 mM Na+ (q = > 60 mg/mL, Figure 2a). Suggesting that at pH
4, the maximum binding capacities were relatively insensitive to salt. Further,
the initial slopes of these curves indicate that the strength of binding is weakly
dependent on ionic strength, which was not necessarily anticipated for a standard
ion-exchange mechanism.

The opposite initial observation is seen at pH 5 (Figure 2b). Whereby
increasing the concentration from 20, 50, 100 mM of Na+ caused a stepwise
increase (Δq ca. +10 mg/mL) in the maximum capacity (Figure 2b). Again
contrary to what would be expected for static binding capacities. However, at
higher concentrations of Na+ from 150 mM up to 250 mM the traditional ion
exchange pattern of decreasing capacity with increasing salt was observed. This
can be seen in Figure 2b as the height of the plateau decreases significantly at 200
and 250 mM NaCl. Further the increased concentration (i.e. at 200 and 250 mM)
caused significant changes in the initial slopes of these curves, which indicates
that there is a corresponding decrease in the strength of interaction.

At pH 6 the entire salt range behaves more like a traditional ion exchanger
in that at the lowest concentration of Na+ (20 mM) we see the highest capacity
(q = 120 mg/mL, Figure 2c). As the concentration of Na+ is increased there is a
corresponding decrease in capacity and a decrease in affinity, as demonstrated by
the change in initial slopes for these curves (Figure 2c).

These trends are summarizedmore clearly in the plot of themaximum capacity
(from isotherms above), q*, as a function of the sodium ion concentration ([Na+])
at the three different pH values evaluated 4, 5, and 6 (Figure 3a). At pH 4 the
maximum capacity is relatively flat indicating that the capacity was independent
of ionic strength/salt concentration (Figure 3a). At pH 5 there is an apparent
maximum in static capacity at 100 mM Na+ ion concentration. Above 100 mM
Na+ the traditional ion exchangemechanism of decreasing capacitywith increasing
salt is observed. At pH 6 there is a very clear trend of a continual decrease in the
capacity with increasing salt concentrations. Because of the unexpected maximum
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in static binding capacities with salt the adsorption isotherms for a second mAb,
mAb2, were measured to determine if it behaved in a similar manner under the
conditions investigated.

Figure 3. Static capacity trends (q*) as a function of ionic strength (Na+
concentration) maximum capacities at pH 4 (◊), pH 5 (○) and pH 6 (▵) are

shown for a) mAb1. b) mAb2.

The same adsorption isotherms were measured for a second monoclonal
antibody, mAb2, under the same solution conditions at a pH of 4, 5, and 6 with
varying the concentration of NaCl (Figure 3b). MAb2 was observed to behave
more as a traditional ion exchanger, meaning there was no anomalous decrease
in capacity at low salt, then increase as seen for mAb1 at pH 5 (Figure 3a).
However, at pH 4 mAb2 appears to display somewhat anomalous behavior in that
it seems more insensitive to salt, whereas at both pH 5 and 6 the normal trends
of decreased capacity at increased salt concentrations was apparent. For mAb1
at pH 4, this insensitivity to salt at pH 4 could be exploited as it would enable
a broad operating window for capacity that would not waver with varying salts.
The results still beg the questions: why is this capacity independent of ionic
strength at lower pH? What kind of concentrations of salt would be necessary to
actually elute these mAbs binding under these conditions?
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3.1.1. Linear Gradient Elutions

In an attempt to understand more clearly the cause of the anomalous static
binding behavior of mAb1, linear gradient elution studies were performed
following the method of Yamamoto, et al (8, 9). Pulse injections with loading at
low conductivity (2-4 mS) and gradient elutions to 1.0 M NaCl were tested at 10,
20, 30, and 40 CVs. A plot of the normalized gradient slope (GH) as a function
of the ionic strength at the peak max (IR) of the elution is displayed in Figure 4,
and was determined according to Equation (3). The results from these three pH
values 4, 5, and 6 were fit to a model as:

where B is the characteristic charge and A is related to the actual strength of the
interaction of the protein with the solid phase. At pH 6 mAb1 has a B-value of 11,
while decreasing the pH to 5 increased the characteristic charge to 17.8 and at pH
4 the B-value increases to 28.7.

Figure 4. Log-log plot of linear gradient elution data as a function of ionic
strength (salt concentration) for mAb1. The characteristic charge (B) at pH 4
(♦) B = 28.7, pH 5 (●) B = 17.8, and pH 6 (▴) B = 11.0 are determined from

the slopes of the lines shown.

For comparison LGE studies of three other mAbs (mAb A, B and 01) were
investigated under similar conditions at pH 5 with Fractogel® SO3- (M) media.
The results are shown in Table 1 and it appears the strength of interactions, as given
by the A-value are all very similar with the exception of mAb B, which is three
orders of magnitude weaker than our current mAb (10-6 M), mAb1. According
to the characteristic charge, our mAb1 seems to have the highest characteristic
charge at pH 5, relative to the other mAbs evaluated, which may account for its
anomalous behavior at lower pH levels.
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Table 1. Comparison of LGE parameters for different mAbs with
Fractogel® SO3- (M)

Monoclonal Antibody
(mAb)

A-value (M) B-value Reference

mAb1 12.72 x 10-9 17.8 here in

mAb A 1.27 x 10-8 13.5 (7b)

mAb B 3.21 x 10-6 7.6 (7b)

mAb 01 6.77 x 10-9 13.4 (10)

Figure 5. Linear gradient elution peaks at pH 6 (a) and 4 (b) at 10, 20, 30,
and 40 CVs.

60

D
ow

nl
oa

de
d 

by
 U

N
IV

 O
F 

C
A

L
IF

O
R

N
IA

 S
A

N
 D

IE
G

O
 o

n 
M

ar
ch

 1
0,

 2
01

3 
| h

ttp
://

pu
bs

.a
cs

.o
rg

 
 P

ub
lic

at
io

n 
D

at
e 

(W
eb

):
 M

ar
ch

 8
, 2

01
3 

| d
oi

: 1
0.

10
21

/b
k-

20
13

-1
12

5.
ch

00
4

In Developments in Biotechnology and Bioprocessing; Kantardjieff, A., et al.; 
ACS Symposium Series; American Chemical Society: Washington, DC, 2013. 



3.1.2. The Effect of pH from Linear Gradient Elutions on Recovery

When the plots used to generate the data shown in Figure 4 were revisited and
the elution peaks more carefully examined a difference in percent (%) recovery
between the pH levels became apparent. The two pH extremes, 4 and 6, were
rerun and eluted from 0 to 1 M NaCl (Figure 5). Overlays of the elution peaks at
10, 20, 30, and 40 column volumes (CVs) at pH 4 and 6 are shown in Figure 5.
The % recovery at pH 6 was good, at >90%. However that was not the case for
pH 4, where not only is the intensity/absorbance level lower, despite the fact they
were loaded at similar capacity, the peak structure is also comparatively different.
In fact, for the 10 CV elution sample pH 4 (Figure 5b) the yield was only 2%, in
comparison to >90% obtained for pH 6.

Figure 6. Dynamic binding experiments with mAb1, samples loaded at pH 4 20
mM NaOAc and conductivity of 2 mS at a 4 minute residence time. a) Elution 20
mM NaOAc, 0.25 M NaCl at pH 6, followed by 0.5 N NaOH wash. b) Overlay of

repeat DBC experiment using same load, elution and cleaning conditions.
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3.2. Dynamic Binding Capacities at Lower pH

Concerned about this yield discrepancy, DBC measurements were performed
to ascertain if this effect was negligible at higher loadings, or if the lower pH
identified a potential processing problem. The idea here was that higher loadings
may cancel out the effect of the pulse injections, which are more on an analytical
scale. The DBC experiments were performed by loading mAb1 at pH 4 (20 mM
NaOAc) at a conductivity of ~2 mS. The mAb was eluted using a step change to
20 mMNaOAc, 0.25MNaCl pH 6 followed by 0.5 N NaOH cleaning step (Figure
6).

Several troubling observations arose from careful examination of the DBC
curves (Figure 6a, blue line). First, the elution peak displayed a significant
shoulder, indicative of an impurity or some other secondary effect, and the identity
of this shoulder remains elusive. Second, there is a significant cleaning peak
that eluted in the 0.5 N NaOH wash. Third, reloading that same column clearly
demonstrates the loss of the majority of the binding capacity (Figure 6b, red
line). The capacity at 10% break though (BT) was about 35 g/L for the first cycle
while the DBC reduces to < 4 g/L for the second. The elution conditions also
provide two peaks, although as a result of the lower capacity there is a significant
reduction in peak areas, while the cleaning peak is still very significant. Contrary
to what would be expected for other solution conditions previously investigated
the capacity could not be regained with NaOH wash. The results here clearly
demonstrate that although the isotherms would predict a robust operating window
the processing of this mAb at low pH is prohibitive.

3.3. Re-Evaluation of Static Binding Capacities To Prevent Loss of mAb1 in
Wash Cycle

It was clear the results from the DBC experiments at pH 4 conditions caused
significant loss in material. These results called for a re-evaluation of the operating
window based on the measured static capacities. Careful examination of static
capacities with a specific focus on the region of around 50 and 100 mM Na+ at
pH 5 and 6 (Figure 3a) revealed something useful at higher salt concentrations.
Specifically at pH 5, where there was a region of the graph with higher capacity
at the higher salt concentration (ca. [Na+] = 100 mM, q* = 100 mg/mL). These
higher salt and higher pH conditions could provide conditions where mAb would
not be lost in a higher conductivity wash. Further, due to the fact that q* is so
high at the higher salt concentration we could also potentially use this as a direct
capture method – loading the mAb directly from harvested cell culture fluid. This
would reduce the amount of dilution necessary that would be required to lower the
cell culture conductivity prior to loading.

3.4. Dynamic Binding Capacities with Higher pH and Higher Salt

Subsequent redetermination of the DBC at pH 5 and 6 was performed under
the same conditions that were used to determine static capacities. A plot of
dynamic and static capacities as a function of the concentration of Na+ at pH 5
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and 6 show the trends are quite similar (Figure 7). At pH 5 the respective peak
maximum were both observed to be around 100 mM, for dynamic and static
capacities (Figure 7). At pH 6 the same decrease in capacity with increasing
ionic strength was observed in both the dynamic and static capacities (Figure 7).
As can be seen from the graph the dynamic capacities are significantly lower
–almost 2 fold lower - than the static capacity. This result was not surprising as
static capacities were performed with 24 h incubation, whereas the dynamic were
performed under 4 min residence times.

Figure 7. Comparison of dynamic (solid symbols) and static capacities (open
symbols) for mAb1 at pH 5 (circle symbols) and pH 6 (triangle symbols). Lines

are meant to guide the eye.

3.5. Cation-Exchange Chromatography as a Post-Protein A Polishing Step

Based on the combined data generated for mAb1 as a function of pH and Na+
concentration an optimized post-protein A affinity polishing step was employed.
MAb1 was loaded at pH 5 to > 83 g/L at a 10 minute residence time (to maximize
binding capacity), and a low conductivity of 4-6 mS. The column was then washed
with a solution of 20 mM NaOAc, pH 5, with 100 mM [Na+], which was used to
remove any other impurities, i.e., a higher salt wash identified from isotherm data.
These higher salt conditions ([Na+] = 100mM)were chosen not only because of the
higher capacity observed in the static capacities (Figure 3a); but also because of its
potential to disrupt any intermolecular electrostatic interactions that may cause the
formation of mAb1-impurity complexes. After the wash stepmAb1was recovered
from the resin by a wash with 20 mM NaOAc, pH 6, with 250 mM [Na+], under
these conditions q was essentially zero in the static capacities (Figure 3a).

When this intermediate wash is performed the improved HCP and DNA
clearance is promising. It was found that the HCP log reduction value (LRV)
increased from 0.5 to 0.8 and the DNA clearance improved from 0.3 to 0.9 LRV
when compared to the same conditions in the absence of the intermediate wash.
For mAb1 these LRV reductions correspond to HCP levels reduced from about
1500 ppm to about 840 ppm and DNA levels reduced from 0.2 ppm to 0.06 ppm.
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This marked improvement in impurity clearance during the CEX step could allow
for a more robust process with the potential for significant cost reductions in the
later downstream steps. In the common mAb downstream paradigm the cost of
flow through AEX steps may be enhanced by reductions in media, buffer and
processing time.

4. Conclusion

In conclusion, adsorption isotherms can be useful tools during process
development. They are easily leveraged and can aide in the identification of
clear windows of operation that can direct further necessary experimentation.
Here specific focus was placed on the optimization of the strong cation-exchange
resin Fractogel® SO3- to purify an in-house mAb. Interestingly, it was found
that the maximum static binding capacity, q*, was insensitive to ionic strength
at pH 4, enabling a possible broad window of operation. Unfortunately, these
conditions did not fare well when applied to linear gradient elutions, as the lower
pH negatively impacted the yield. Dynamic binding capacity measurements
confirmed that this yield compromise was significant, a result and could have
potentially impacted mAb1 product qualities. Maximum static capacities were
observed with moderate ionic strength (100 mM) at pH 5, which provided ideal
sample loading and washing conditions. The mechanism of the maximum in
the static capacity with increasing ionic strength remains elusive. However,
the mechanism may be similar to that of the dynamic capacity: pore plugging
(see ref. (7)b and references therein) and/or protein-protein surface repulsion
(12). Lower capacities at pH 6 enabled the identification of sufficient elution
conditions, as at pH 6 the common ion exchange behavior of decreased maximum
capacity, q*, with increased ionic strength was observed. Application of these
conditions allowed for the development of a post-protein A polishing step that
improved the impurity clearance of HCP (more than 1.5 fold) and DNA (3 fold).
This improved impurity clearance may further improve the purification of mAb1
in later polishing steps, making the process more robust and potentially more
economical.
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Chapter 5

Understanding the Role of Arginine and Citrate
as Eluents in Affinity Chromatography

Diwakar Shukla and Bernhardt L. Trout*

Department of Chemical Engineering,
Massachusetts Institute of Technology, 77 Massachusetts Avenue,

E19-502b, Cambridge, Massachusetts 02139, United States
*E-mail: trout@mit.edu. Phone: (617) 258-5021. Fax: (617) 253-2272

Industrial scale purification of therapeutically useful antibodies
(immunoglobulin, IgGs) typically rely on Protein A affinity
chromatography, as a first step. Eluents i.e aqueous solution
of small organic molecules, are typically used to elute the
antibodies from the affinity column. The molecular interactions
between the antibody and the Protein A affinity resin are
exceedingly dependent on pH and eluent concentration. This
complex mechanism is not well understood, beyond the
application of general trends, for eluents such as arginine and
citrate. We have performed molecular mechanics simulations
of antibody and Protein A to rationalize the experimental
observations of the effects of arginine and citrate on purification
yield. It was found that the highly positively charged arginine
reduced the binding free energy (ΔΔGB) between the Protein A
affinity resin and the antibody. While the negatively charged
citrate increases the ΔΔGB for Protein A affinity resin and
the antibody. The results provide a rationale for the observed
fluctuations in the recovery of antibodies using citrate and
arginine, and also provided insight into of the nature of the
molecular interactions, which can be exploited for eluent design
on Protein A affinity chromatography.

© 2013 American Chemical Society
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1. Introduction

Affinity chromatography is an important step in the purification of
therapeutically useful proteins, especially immunoglobulins (IgGs, antibodies).
As the production of therapeutically useful quantities of Igs has increased over the
last decade, and antibody titers have reached 10 g/L, efforts have focused on the
optimization of downstream purification of the antibody to meet this rise (1). On
an industrial scale antibodies are produced in mammalian cell cultures, such as
Chinese Hamster Ovary (CHO) cells, where the cell has been genetically modified
to produce large quantities of the desired antibody (2). Thus to obtain clinically
useful quantities of pure antibodies, the desired antibody must be separated from
the cellular components used for its preparation, such as host cell proteins (HCP),
DNA, aggregates, growth media components, and other impurities.

The typical first step in the long purification process used for isolation
of antibodies is affinity chromatography (3). Affinity chromatography is an
economically expensive all be it robust purification process that can be employed
to purify antibodies to levels ≥ 95 % in a single step. As demonstrated in Figure 1
the first steps are the critical steps in the purification process, where the maximum
loss of product occurs. By extension reduction in the total loss of protein in these
steps will improve the total yield of the product.

Figure 1. Graphical representation of the reduction in yield (recovery) of
antibody/protein per step of a purification process.

Affinity chromatography columns contain a resin or a solid support with an
attached ligand to which the antibody/proteins bind (Figure 2a). Typical ligands
used include Protein A or Protein G, which have a high affinity (5) and selectivity
for antibodies, specifically the Fc (fragment crystallizable) domain, and cause the
antibody to be retained on the column (Figure 2b). The impurities are then eluted
(removed or washed off) from the Protein A based on the lower affinity these
components have for Protein A, while the antibody is left behind. However, the
process is plagued with imperfections, such as damage to the protein that results
of the harsh conditions used to elute tightly bound antibody, such as highly acidic
solutions. At low pH, both arginine and sodium citrate are effective eluents,
however highly acidic eluent solutions can denature and agglomerate antibodies,
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reducing the yield of monomeric forms. Further, these conditions can cause
Protein A to leach from the column, which must be latter separated out of the
sample as it is highly toxic (6). The result is the addition of further downstream
purification steps to remove the leached Protein A.

Figure 2. Schematic view of the interaction between Protein A and an antibody
Fc domain. (a) Cartoon representation of Fc region of human IgG interacting
with Protein A attached to a solid support; (b) Cartoon representation of the

entire globular surface of an antibody (right), Fc domain (top left) and Protein A
or G (bottom left). Figure prepared from X-ray crystal structure of Protein A and

human IgG (PDB code: 1FC2) (4).

The free energy of binding (ΔΔG), or the strength of the interaction between
Protein A and antibodies is very high (5), and elution from an affinity column can
be impeded the stronger the interaction. Typical elution conditions employed to
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release the antibody from the Protein A include an acidic buffer, salt solutions, or
the addition of an elution additive such as arginine or citrate. Fundamentally, all
the elution conditions work by lowering the binding free energy of the antibody
to the Protein A. All be it each eluent does this in a different way. However, the
desired outcome is the same and that is to identify an eluent that can release the
desired protein and not disturb or destabilize the proteins’ integrity.

Figure 3. (a) Structure of arginine in the pH range 2-9; (b) Cartoon
representation of protein aggregation in the absence of arginine; (c) Cartoon
representation of inhibition of protein aggregation in the presence of arginine
in solution; (d) molecular model (ball-and-stick) representation of citrate and
arginine (C-atoms, cyan; O-atoms, red; N-atoms, blue; H-atoms, white).

As mentioned previously amino acid monomer arginine can be used as an
additive in the elution solution. Arginine is a polar amino acid with three charged
functional groups in solution. In solution arginine contains two positively charged
amines (the N-terminal amine and the side chain guanidinium) as well as a
negatively charged C-terminal carboxylic acid (Figure 3a). These charged groups
play a key role in the utility of arginine as an eluent. In the 1980’s arginine was
serendipitously found to enhance protein refolding yields with 100 % refolding
observed in a 1 M arginine solution (7). Later, it was found that arginine could
prevent protein aggregation and reduce the rate of aggregation (8). Protein
aggregation occurs when unfolded (denatured) proteins associate and form higher
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oligimers, a process that commonly occurs as a result to exposure to acidic buffer
or high ionic strength elution solutions (Figure 3b-c).

Tsumoto and coworkers, who compared another common eluent sodium
citrate (Figure 3d), to arginine, documented the unique properties of arginine (9).
Tsumoto reported poor recoveries for 0.1-0.5 M sodium citrate at pH 4.3. Product
peak shape and recovery were markedly improved using 0.5 – 2.0 M arginine at
pH 4.3 (9). In addition the authors proved that the properties of arginine do not
extent to other amino acids such as lysine, proline, glycine and histidine (9). A
result that suggests the properties of arginine are unique and worthy of further
investigation. As effective eluents will not only reduce affinity between ligand
and antibody, but also inhibit aggregation of eluted antibodies, or lab became
interested in: Why does arginine suppress protein aggregation? Why arginine is
an effective eluent?

The ability of arginine to suppress antibody aggregation has been established
(Figure 3b-c) (8). The focus here became: How does arginine aide in the
dissociation of an antibody from Protein A? To come up with an answer we used
computational chemistry and molecular mechanics simulations to determine the
free energy of the complex (ΔGB) formed between Protein A and the antibody
([Protein A – Fc]) according to the standard ΔGB equation (1) that relates ΔGB to
the Gibbs free energy for each individual reaction species. According to equation
(1):

Further estimation of the effect of solute addition to the free energy provided
the change in binding free energy (ΔΔGb) between IgG and Protein A in the
presence of cosolute as compared to water according to equation (2):

Analysis of the molecular dynamics simulations of the complex formed by
Protein A, and the Fc domain of IgG, allowed for the identification of key residues
involved in binding. Taken together the results provided a rationale for the role
of arginine as an eluent in Protein A affinity chromatography and can be extended
upon for the design of novel ligands or eluents.

2. Materials and Methods
2.1. Model Building: Reconstruction of the IgG-Protein A Complex

Molecular simulation on a reconstructed IgG – Protein A complex was
performed as previously described (10, 11). Briefly, the X-ray structures were
obtained from Protein Data Bank (PDB, www.rcsb.org). The X-ray coordinates
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for the complex of fragment B of a Protein A from Staphylococcus aureus to
bound to the Fc fragment of a human IgG complex solved to 2.8 Å-resolution
(PDB code: 1FC2) (4) and as well as the coordinates for a crystal structure of
an entire human IgG (PDB code: 1HZH) (12) solved to 2.7 Å-resolution were
used for the molecular mechanics and modeling studies (10). This complete IgG
X-ray crystal structure was then compared to a X-ray crystal structure of the Fc
domain bound to fragment B of Protein A. Superimposition and alignment of the
two structures allowed us to build by reconstruction a model of the entire IgG –
Protein A complex for our simulation (Figure 4).

2.2. Simulation Details

Molecular dynamics simulations were performed as previously described
(10). Briefly, simulations were performed using the NAMD (13) package with
CHARMM22 (14) force field and the TIP3P water model (15). NPT ensemble
with periodic boundary conditions and full electrostatics computed using the
particle-mesh Ewald (PME) (16) method, with the grid spacing on the order of 1 Å
or less was used and pressure was maintained at 1 atm using the Langevin piston
method (piston period 200 fs; damping time constant 100 fs; piston temperature
298 K). The protein residues and cosolute molecules were protonated to account
for an experimental pH value of 4.3. Cosolute molecules and counter ions were
added to obtain a net neutral charge. To set up the simulation systems for different
cosolute concentrations, cosolute molecules were randomly placed within the
simulation box, and the overlapping water molecules were subsequently removed.
The system was then equilibrated for 1 ns at constant pressure and temperature,
and snapshots of the simulation box were saved every picosecond.

2.3. Force Field

Force field parameters used were previously described (10). Briefly, the force
field parameters for arginine with the N terminal and the side chain protonated and
C terminal deprotonated were taken from the CHARMM force field (14). At a pH
of 4.3, pKa for the carboxylic groups in citric acid at 25 °C are 3.128, 4.761, and
6.396. All citrate molecules were modeled as dihydrogen citrate (H2Cit-) ions,
as it is the dominant population (71%) (17). Structures of cosolutes considered
in the present study, citrate and arginine, are shown in Figure 3d. Force field
parameters for dihydrogen citrate were developed following a procedure defined
by Kamath et al., wherein the parameters are iteratively adjusted to reproduce both
intramolecular and intermolecular target data (18).

Intermolecular Data

Interaction energy and the minimum energy distance between dihydrogen
citrate and water molecules – intermolecular data – are used in the first step of
the optimization procedure to evaluate partial atomic charges of the molecule.
CHARMMwas used to calculate the hydrogen bonding of each dihydrogen citrate

72

D
ow

nl
oa

de
d 

by
 U

N
IV

 I
L

L
IN

O
IS

 U
R

B
A

N
A

 o
n 

M
ar

ch
 1

0,
 2

01
3 

| h
ttp

://
pu

bs
.a

cs
.o

rg
 

 P
ub

lic
at

io
n 

D
at

e 
(W

eb
):

 M
ar

ch
 8

, 2
01

3 
| d

oi
: 1

0.
10

21
/b

k-
20

13
-1

12
5.

ch
00

5

In Developments in Biotechnology and Bioprocessing; Kantardjieff, A., et al.; 
ACS Symposium Series; American Chemical Society: Washington, DC, 2013. 



polar group (both acceptors and donors) with a single water molecule and the
target values for intermolecular data were obtained through ab initio simulations
at the HF/6-31g* level. Although H2Cit- is a symmetric molecule, the relatively
high number of atoms in the molecule hampers the evaluation of its parameters.
Consequently, to obtain a reliable first guess for partial atomic charges of H2Cit-,
the initial analysis of intermolecular interactions and partial charge determination
was limited to the central core of the molecule ((CH3)2-COHCOO-). Initial values
of all other parameters were derived by analogy, using molecules with similar
structures and groups.

Intramolecular Data

Geometry, dipolemoment, minimum energy structure vibrational frequencies,
and potential energy surfaces (PES) of dihedral angular scans comprise
the intramolecular data. The vibrational frequencies in CHARMM were
computed with the MOLVIB program and PES fitting was carried out using the
Guvench-MacKerell program (19). Target values for intramolecular data were
obtained through QM computations at the MP2/6-31+g* level of theory.

2.4. The Effect of Cosolutes on the Free Energy of Binding

As the Fc region of the antibody is the only portion that binds to Protein A
(Figure 2b), it was the only portion of the antibody used for the simulation, which
simplified the calculations. The Fc region is the fragment crystallizable region
of the antibody located on the tail of the antibody (Figure 2b) and it is known to
interact with cell surface receptors. The effect of cosolutes on the ΔΔGB of Protein
A and IgGs was previously described (10). Only a brief description of summary
is presented here, for a more detail discussion see reference (10).

The addition of cosolute to the aqueous protein solution can affect the free
energy of binding relative to binding free energy in water. This change in free
energy is called (ΔΔGb) between IgG and protein A in the presence of cosolute as
compared to water according to equation (2) and ΔΔGB can be determined from
the transfer free energy (Δμtr) for the complex, Protein A, and the Ig, according to
equation (3) (10).

The transfer free energy Δμtr is the change in the interaction energy for a
protein (Protein A and Fc) with a particular solvent when the solvent was changed
from water to co-solute (10). It can be determined according to equation (4):
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The transfer free energy was then related to a preferential interaction
coefficient (Γ23) to determine the total change in the chemical potential of the
protein (antibody) that results from its transfer to a co-solute solution instead of
water. The preferential interaction coefficient is the number of co-solute molecules
per protein molecule added to the solution to keep the chemical potential of the
co-solute constant. For a more detailed discussion of the mathematical derivation
of Γ23 from Δμtr see reference (10). More simplistically Γ23 is also a measure
of the excess local concentration around the protein as compared to the bulk
cosolute solution. It can be measured experimentally using dialysis/ densimetry
(20) and vapor-pressure osmometry (21). The preferential interaction coefficient
was determined for every species involved in the reaction: the Fc region of the Ig
(Γ23IgG), for Protein A (Γ23Protein A), and the [Fc-Protein A] complex (Γ23complex).
The preferential interaction coefficient of the complex [Fc – Protein A], defined
as Γ23complex, was then used directly to determine the ΔΔGB for the complex
according to equations (5) and (6) (10). Where m is molarity, T is temperature,
P is pressure, and R is the gas constant.

Thus Γ23complex allows for the determination of the change the binding
energy between the antibody and the Protein A. More detailed descriptions of the
derivations see Ref. (10).

3. Results and Discussion
3.1. Cosolute Effect on Preferential Interaction Coefficient

The preferential interaction coefficient, Γ23, is a property of the individual
proteins and their interaction with the cosolute, in this case arginine or citrate.
By definition Γ23 is a measure of the local concentration of solute around the
protein surface compared to the bulk concentration (the region far from the protein
surface). In other words, the higher the affinity a molecule has for the protein the
closer the molecule surface and greater the concentration of that molecule at the
surface. Mathematically that means Γ23 will be greater than zero. In contrast, a
molecule with a weaker affinity for the protein surface will be farther away from
the surface and Γ23 will be less than zero. More detailed mathematical derivations
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of Γ23 have been reported in several papers in literature (10, 22). Simulation of a
protein in the presence of additives, such as arginine or sodium citrate in water,
allowed for the determination of their respective concentrations around Protein A
or IgG surface (10).

Figure 4. (a) Left: Cartoon representation of entire human IgG solved to 2.7
Å-resolution (PDB code: 1HZH) (4). Right: side view cartoon representation
only the Fc domain IgG solved to 2.7 Å-resolution (PDB code: 1HZH) (4).
Color code: heavy chains (red and blue); light chains (green); (b) Cartoon
representation of the X-ray crystal structure of B fragment of Protein A from S.
aureus bound to a part of the Fc domain of human IgG solved to 2.8 Å-resolution
(PDB code: 1FC2) (12). Color code: Fc domain (yellow); Protein A (purple). (c)
Superimposed structure of Fc domain from (a) and the co-crystal structure from
(b) (PDB codes1FC2 and 1HZH) (4, 10, 12). Figure modified from Ref. (10).

The approach used for the calculation of the preferential interaction coefficient
has been used to estimate Γ23 values for a variety of proteins. The predicted
values were in reasonable agreement with the experimental Dialysis/Densimetry
and VPO data (1, 23). The results for the proteins RNase T1 in aqueous solution
of additives arginine hydrochloride, glycerol, and urea are reported in a previous
study from our group. A plot of the Γ23 for each additive and this unrelated small
protein as a function of distance from protein surface is shown in the Appendix
(Figure A1). The plot shows the variability in Γ23 for arginine hydrochloride,

75

D
ow

nl
oa

de
d 

by
 U

N
IV

 I
L

L
IN

O
IS

 U
R

B
A

N
A

 o
n 

M
ar

ch
 1

0,
 2

01
3 

| h
ttp

://
pu

bs
.a

cs
.o

rg
 

 P
ub

lic
at

io
n 

D
at

e 
(W

eb
):

 M
ar

ch
 8

, 2
01

3 
| d

oi
: 1

0.
10

21
/b

k-
20

13
-1

12
5.

ch
00

5

In Developments in Biotechnology and Bioprocessing; Kantardjieff, A., et al.; 
ACS Symposium Series; American Chemical Society: Washington, DC, 2013. 



glycerol and urea, with urea having the highest Γ23 and arginine a Γ23 close to zero.
The results demonstrate urea has a higher affinity than arginine for the proteins’
surface. More detailed mathematical derivations of Γ23 as a function of molarity
(m) or chemical potentials (n) are presented in previous studies from our group (1,
24).

Figure 5. Plot of calculated preferential interaction coefficient (Γ23) as a function
of distance. Higher affinity solutes have positive Γ23 and lower affinity solutes
have negative Γ23. a) Calculated Γ23 in 0.5 M arginine; b) Calculated Γ23 in 2 M
arginine; c) Calculated Γ23 in 0.5 M citrate; d) Calculated Γ23 in 2 M citrate.

Figure modified from Ref. (10).

Once the simulation was validated on the model it was extended to the Protein
A – IgG complex of interest. The results were previously described so will only be
briefly summarized here (10). Again the calculation was simplified to include only
the relevant interactions between the coordinates of an X-ray structure of Protein
A (from S. auerus) and the Fc (from human IgG) domain of the antibody (Figure
4). The Fc domain of the complete IgG structure (PDB code 1HZH) solved to
2.7 Å-resolution in 2001 by Wilson and co-workers (12) was compared to a X-ray
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crystal structure of a co-crystal structure fragment of human Fc domain bound to S.
aureus Protein A solved by Deisenhofer in 1981 (4). Superposition and alignment
of the two structures allowed for the reconstruction of a new model containing of
the entire fragment B of Protein A and a complete Fc domain complex ([Protein
A - Fc]) for molecular mechanics and modeling studies (Figure 4) (10).

The reconstructed [Protein A- Fc] complex was used in combination with the
CHARMM (14) force field to determine Γ23 and thus the ΔΔGB for each eluent,
citrate ion and arginine, in combination with the complex, Fc domain, and Protein
A. The preferential interaction parameters are sensitive to the accurate force field
parameters. Therefore, the force field parameters for citrate were developed
for this study and optimized for the molecular dynamics simulations using the
QM data. This allowed for accurate data that was comparable to experimentally
determined data ΔΔGB (not shown). The outcome of the simulations were the
focus of a recent disclosure and therefore only briefly summarized (10).

Briefly the results for arginine and citrate ion at 0.5 and 2 M for the [Protein
A- Fc] complex, the Fc domain, and Protein A demonstrated the variability in
Γ23 as a result of distance, but on average level off after an r > 4-6 Å (Figure 5).
The results further demonstrated that Γ23 is highly dependent on the concentration
of the additive (Figure 5). The preferential interaction coefficient of Protein A
(Γ23Protein A) for arginine and citrate is close to zero at concentrations 0.5 and 2 M
at shorter distances (r), however level out at r > 4 Å. The Γ23Protein A for arginine
however is clearly slightly positive at lower concentration and slightly negative
at the higher concentrations, and again leveling off after r > 4 Å (Figure 5a and
b). The trend for arginine extends for the simulation with the Fc domain and
the complex, with an increasingly negative Γ23Fc as concentration of the additive
increases (Figure 5a and b). Conversely, according to the simulation citrate has a
positive Γ23with increasing concentration for both the Fc domain and the complex.
Further, Γ23 increased with increasing concentration of citrate (Figure 5, Table 1).

This result seems counterintuitive as a positive Γ23 implies that more
molecules reside on the protein surface, and a negative Γ23 the opposite. To
rationalize these observations it was thought that if more molecules are at the
surface then those eluent molecules effectively prevent protein aggregation.
Citrate appears to be more effective at inhibition of aggregation then arginine, but
additionally positive Γ23 also cause the destabilization the protein conformation.
Typically, cosolutes such as urea and guanidinium chloride with high positive
preferential interaction coefficient tend to reduce the native state conformational
stability (22). Therefore, the citrate could also cause the protein to unfold –
denature. Citrate is thus an effective eluent to remove antibodies from Protein
A affinity resin, but as a side effect it can destabilize and unfold the antibody.
Conversely, arginine imparts stability and does not cause denaturation, but
inhibits aggregation.

3.2. Cosolute Effect on Free Energy of Binding

The free energy of binding, ΔΔGB, can also be expressed as the difference
of the Γ23complex and Γ23Fc and Γ23Protein A domains. According to Figure 5, it
would then appear that ΔΔGB is very small and almost approaches zero for each
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concentration of cosolute. However, it is important to mention that the absolute
numerical value is not relevant, rather it is the difference between absolute
values of ΔΔGB for arginine and citrate for each protein or complex at the given
concentration that is significant (Table 1).

Table 1. Change in free energy of binding (ΔΔGB) between IgG and Protein
A, and the preferential interaction coefficients (Γ23) in the presence of

arginine and citrate at pH 4.3. Table modified from Ref. (10)

Additive Conc.
(M)

Γ23
(Fc)

Γ23(Pr-
ot. A)

Γ23
(com-
pl.)

ΔΓ23a ΔΔGB
(kcal/mol)

arginine 0.5 -3 6 0 -3 1.5

arginine 2.0 -37 -3 -47 -7 3.6

citrate 0.5 9 3 15 3 -2.7

citrate 2.0 27 3 34 4 -3.3
a ΔΓ23 = Γ23complex - Γ23Fc - Γ23Protein A.

From the changes in free energy of binding (ΔΔGb) of Fc domain of IgG
and Protein A in the presence of arginine and citrate solution (Table 1), it is clear
that the cosolutes affect ΔΔGB in different ways. According to the results of the
simulation (Table 1) at pH 4.3 arginine weakens the free energy of binding of Fc
region of IgG for Protein A by 1.5 to 3.6 kcal/mol. This decrease in ΔΔGB would
be expected to weaken the binding affinity of Protein A and Fc region of the IgG 10
to 100 fold (Table 1). This weakened affinity would also be expected to increase
the rate of dissociation of the complex. In contrast at pH 4.3 citrate affect on ΔΔGB
and thus antibody elution is the opposite, citrate enhances ΔΔGB from -2.7 to -3.3
kcal/mol. A more negative ΔΔGB suggests an enhanced the binding affinity of the
Protein and IgG complex by 100 to 1000 fold (Table 1), which would be expected
to hinder dissociation.

For the additive arginine the change in the preferential interaction coefficients
at both concentrations at pH 4.3 for the complex (ΔΓ23complex) is less than zero
(negative) and this implies the dissociated state is favored (Table 1). Thus arginine
prefers to associate with the dissociated protein over the complex (Table 1). In
contrast the ΔΓ23 for citrate at both concentrations is greater than zero (positive)
at pH 4.3 (Table 1), which implies citrate favors association to the complex.
From a chromatography standpoint this means that in the presence of arginine
antibody (IgG) elution (dissociation from Protein A) is facilitated and aggregation
is disfavored. Conversely, in the presence of citrate elution (dissociation from
Protein A) is not facilitated (as the complex association is enhanced) at pH 4.3
and induces aggregation.
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3.3. Residues Involved in Complex Formation

As previously disclosed the residues involved in binding Protein A to the
Fc region of the IgG have been identified (10). Briefly, the residues involved in
binding the Fc region are concentrated in three distinct regions of the protein (see
the Appendix Figure A2a). Where as the residues from Protein A are glittered
all over the surface of the protein (see the Appendix Figure A2b) (10). The key
residues were defined as those that displayed a large change in solvent accessible
surface area (ΔSSA) upon binding, as the residue becomes more buried during
complex formation (25).

The identification of residues involved in binding was determined using a
calculation of the solvent accessible surface area (SAA) for the residues of the
[Protein A – Fc] complex, were compared to the SAA residues for the Fc domain
and Protein A. Providing residues at the interface of the Protein A – Fc complex that
became buried upon association. Subtraction of the two areas (see the Appendix)
provides the residues involved in binding (see the Appendix, Figure A2) (10).

Figure 6. Closer look at the amino acid residues from the Fc domain of IgG
that interact with Protein A. From reconstructed dimer (PDB code: 1FC2 and
1HZH) (4, 10, 12). Color code: ribbon-and-bow backbone, purple; C-atoms,
cyan; N-atoms, blue; O-atoms, red; S-atoms, yellow; H-atoms, white. Figure

modified from reference (10).
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According to the X-ray crystal structure of the complex used for the molecular
mechanics simulations, the residues in the three regions of the Fc domain (Figure
2a SI) that are involved in Protein A binding are all highly charged, polar, or
aromatic (Figure 6). Charged residues in the binding site include Glu430, His433,
His435, Lys317, and Asp315 (Figure 6). Polar residues include Asn434, Ser254,
Met252, Gln311, and aromatic groups include Tyr436 and the fore mentioned
histidines (Figure 6). Some residues are non-polar such as isoleucine and leucine.

Figure 7. Closer look at the amino acid residues from fragment B of Protein A
that interact with the Fc domain. From reconstructed dimer (PDB code: 1FC2
and 1HZH) (4, 10, 12). Color code: ribbon-and-bow backbone, pink; C-atoms,
cyan; N-atoms, blue; O-atoms, red; S-atoms, yellow; H-atoms, white. Figure

modified from reference (10).

The key residues involved in Fc binding to the surface of Protein A have also
been identified from experimental data to be polar, charged, and aromatic residues.
These residues include Arg146, Lys154, Tyr133, Phe132, His137, and Gle143.
Thus as would be anticipated the residues involved in binding from Protein A
are also highly polar, charged or aromatic (Figure 7). In fact polar and aromatic
groups were found to comprise 75% of the interfacial area. In total as these are
the residues at the interface of the Protein A and Fc interaction, it is presumably
these residues that are somehow involved in arginine and citrate binding during
elution of the antibody. Analysis of the structure provides insights into which of
the interactions are disrupted at the interface of Protein A and the antibody. As the
residues were found to be mostly polar, charged or aromatic it would suggest, as
would be anticipated, that the interactions to the charged cosolutes are most likely
ionic in nature, however cation-pi interactions may also play a role in binding due
to the presence of guanidinium group in the arginine.
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Figure 8. Protein A mimetics. (a) Schematic view of an arginine like dendrimer;
(b) a known Protein A mimetic reported by Fassiana and co-workers binds
with high affinity to human IgG (Cγ2/Cγ3 interface of the Fc domain). Figure

modified from Ref. (23).

3.4. Determination of the Contact Coefficient

To further identify a amino acid preference for each cosolute the contact
coefficient (CC) was determined for each amino type exposed at the Protein A
- Fc interface for both arginine and citrate (see the Appendix Figure A3) (10).
The contact coefficient is the ratio of the local cosolute concentration to the
bulk cosolute concentration around each amino acid (1, 26). A plot of contact
coefficient as a function of amino acid demonstrate as expected that citrate
prefers positively charge, and some aliphatic residues over negatively charged
residues (see the Appendix, Figure A3) (10). As expected arginine prefers
negatively charged groups as well as aromatics, presumably the latter form
cation-pi interactions, and polar residues. The results further demonstrate that if
the interface is comprised of polar and aromatic groups, arginine will associate at
the interface and consequently lower the binding between Fc and Protein A.
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3.5. Designing New Protein A Ligands and Eluents

The sum total of all the results presented suggest that ligands or eluents
based on the arginine scaffold would be useful for the purification of proteins or
antibodies using Protein A chromatography or new modified ligands. Specifically,
using an arginine as a ligand instead of Protein A, one such example was reported
by Fassiana and co-workers and is shown in Figure 8 (27). Where a dendrimer
containing arginine arms is used as a modified Protein A mimetic dendrimer.
Also the selectivity of Protein A could be further enhanced with the addition of an
arginine moiety. To design an eluent with better elution properties than arginine
would require that the eluent interact with polar, aromatic and charged amino acid
residues and also reduce aggregation.

Conclusions

In conclusion molecular dynamics simulations show that the cosolutes
arginine and citrate work in opposite ways at pH 4.3 to elute antibodies from
Protein A resin. Arginine lowers the free energy of binding between Protein A
and antibody, thereby facilitating elution. Citrate strengthens the free energy
of binding, thereby decreasing elution. On a molecular level, arginine interacts
favorably with the dissociated state as compared to the associated state and
citrate shows an opposite behavior. Arginine interacts favorably with residues
at the interface between Fc and Protein A and citrate does not. Further, arginine
interacts strongly with key residues involved in the binding between Protein A
and antibody. The results shed light on optimization parameters that could be
used for the rational design of eluents and new ligands.
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Appendix

Figure A1. Preferential interaction coefficients for arginine hydrochloride (red
line), glycerol (black dotted line), and urea (blue dotted line) as a function
of distance from the protein surface as determined from molecular mechanics

simulations1 with Protein RNase T1. For derivations see ref (10).

Figure A2. Identification of residues involved Protein A and Fc binding as
determined from ΔSSA simulations when they are in the dissociated state as

compared to the associated state. (a) Fc and (b) Protein A.
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Figure A3. Contact coefficient for each amino acid at the Protein A – Fc
interface. (a) 2.0 M citrate; (b) 2.0 M arginine solution. Color code: positively
charged residues, red; negatively charged residues, blue; polar residues, yellow;

aliphatic residues, grey; aromatic residues, green.

References
1. (a) Low, D.; O’Leary, R.; Pujar, N. S. Future of antibody purification. J.

Chromatogr., B 2007, 848, 48−63. (b) Hacker, D. L.; Nallet, S.; Wurm, F. M.
Recombinant protein production yields frommammalian cells: past, present,
and future. Biopharm. Int. Suppl. June 2008, 21.

2. Farid, S. S. Process economics of industrial monoclonal antibody
manufacture. J. Chromatogr., B 2007, 848, 8–18.

3. Clonis, Y. D. J. Chromatogr., A 2006, 1101, 1–24.
4. Deisenhofer, J. Biochemistry 1981, 20, 2361–2370.

84

D
ow

nl
oa

de
d 

by
 U

N
IV

 I
L

L
IN

O
IS

 U
R

B
A

N
A

 o
n 

M
ar

ch
 1

0,
 2

01
3 

| h
ttp

://
pu

bs
.a

cs
.o

rg
 

 P
ub

lic
at

io
n 

D
at

e 
(W

eb
):

 M
ar

ch
 8

, 2
01

3 
| d

oi
: 1

0.
10

21
/b

k-
20

13
-1

12
5.

ch
00

5

In Developments in Biotechnology and Bioprocessing; Kantardjieff, A., et al.; 
ACS Symposium Series; American Chemical Society: Washington, DC, 2013. 



5. Typical free energy of binding (DDGB) for the [Protein A – antibody]
complex is -9.8 kcal/mol and that complicates subsequent antibody elution.
For reference see: Arakawa, T. Philo; Tsumoto, J. S.; K. Yumioka, R.;
Ejima, D. Protein Expression. Purif. 2004, 36, 244–248.

6. Terman, D. S.; Bertram, J. H. Eur. J. Cancer Clin. Oncol. 1985, 21,
1115–1122.

7. Rudolph, R.; Fishcer, S. U.S. Patent 4,933,434, 1994.
8. Lange, C.; Rudolph, R. Curr. Pharm. Biotechnol. 2009, 10, 408–414.
9. (a) Arakawa, T.; Philo, J. S.; Tsumoto, K.; Yumioka, R.; Ejima, D. Protein

Expres. Purif. 2004, 36, 244−248. (b) Ejima, D. Yumioka, R. Tsumoto, K.;
Arakawa, T. Anal. Biochem. 2005, 345, 250−257. (c) Tsumoto, K. Umetsu,
M. Kumagai, I. Ejima, D. Philo, J. S.; Arakawa, T. Biotechnol. Prog. 2004,
20, 1301−1308.

10. Shukla, D.; Zamolo, L.; Cavallotti, C.; Trout, B. L. J. Phys. Chem. B 2011,
115, 2645–2654.

11. (a) Shukla, D. Shinde, C.; Trout, B. L. J. Phys. Chem. B 2009, 113,
12546−12554. (b) Shukla, D.; Trout, B. L. J. Phys. Chem. B 2010, 114,
13426−13438.

12. Saphire, E. O.; Parren, P. W. H. I.; Pantophlet, R.; Zwick, M. B.; Morris, G.
M.; Rudd, P. M.; Dwek, R. A.; Stanfield, R. L.; Burton, D. R.; Wilson, I. A.
Science 2001, 293, 1155–1159.

13. Phillips, J. C.; Braun, R.; Wang, W.; Gumbart, J.; Tajkhorshid, E.; Villa, E.;
Chipot, C.; Skeel, R. D.; Kalé, L.; Schulten, K. J. Comput. Chem. 2005, 26,
1781–1802.

14. Brooks, B. R.; Bruccoleri, R. E.; Olafson, B. D.; States, D. J.;
Swaminathan, S.; Karplus, M. J. Comput. Chem. 1983, 4, 187–217.

15. Jorgensen, W. L.; Chandrasekhar, J.; Madura, J. D.; Impey, R. W.; Klein, M.
L. J. Chem. Phys. 1983, 79, 926.

16. Darden, T.; York, D.; Pedersen, L. J. Chem. Phys. 1993, 98, 10089.
17. Bates, R. G.; Pinching, G. D. J. Am. Chem. Soc. 1949, 71, 1274–1283.
18. Kamath, G.; Guvench, O.; MacKerell, A. D. J. Chem. Theory Comput. 2008,

4, 1990.
19. Guvench, O.; MacKerell, A. D. J. Mol. Model. 2008, 14, 667–679.
20. Inoue, H.; Timasheff, S. N. Biopolymers 1972, 11, 737–743.
21. Courtenay, E. S.; Capp, M. W.; Anderson, C. F.; Record, M. T. Biochemistry

2000, 39, 4455–4471.
22. (a) Baynes, B. M.; Trout, B. L. J. Phys. Chem. B 2003, 107, 14058–14067.

(b) Timasheff, S. N. Proc. Natl. Acad. Sci. U.S.A. 1998, 95, 7363−7367. (c)
Timasheff, S. N. Proc. Natl. Acad. Sci. U.S.A. 2002, 99, 9721−9726.

23. Vagenende, V.; Yap, M. G. S.; Trout, B. L. J. Phys. Chem. B 2009, 113,
11743–11753.

24. Vagenende, V.; Yap, M. G. S.; Trout, B. L. J. Phys. Chem. B 2009, 113,
16268–16275.

25. SAA is the surface area obtained from rolling a probe sphere on the van der
Waals spheres of a CPK model of the molecule, and can be determined using
the Lee and Richards surface area calculation method in the CHARMM
package.14 We used a probe sphere with radius equivalent to a water

85

D
ow

nl
oa

de
d 

by
 U

N
IV

 I
L

L
IN

O
IS

 U
R

B
A

N
A

 o
n 

M
ar

ch
 1

0,
 2

01
3 

| h
ttp

://
pu

bs
.a

cs
.o

rg
 

 P
ub

lic
at

io
n 

D
at

e 
(W

eb
):

 M
ar

ch
 8

, 2
01

3 
| d

oi
: 1

0.
10

21
/b

k-
20

13
-1

12
5.

ch
00

5

In Developments in Biotechnology and Bioprocessing; Kantardjieff, A., et al.; 
ACS Symposium Series; American Chemical Society: Washington, DC, 2013. 



molecule, 1.4 Å. Average surface areas from the 50 ns simulation of the
complex, Fc, and Protein A in 0.5 M arginine solution are used to calculate
ΔSAA values. In the Fc domain, the β-turns present at the junction of
CH2 and CH3 chains (Figure 4), which form the consensus binding site,
are involved in complex formation. In protein A, residues present at the
interface are located at the two helices of the B-fragment of Protein A.
Figure 2 SI shows Protein A residues with ΔSAA greater than 20 Å, the main
contributions to the interfacial area. Although the exact surface areas are
different, the key residues involved in complex formation identified using
ΔSAA are the same as Li et al. characterized using X-ray crystallography.
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Chapter 6

One Resin, Multiple Products:
A Green Approach to Purification

Ekta Mahajan,* Jay Werber, Kapil Kothary, and Tina Larson

Pharma Technical Development Engineering, Genentech, 1 DNA Way,
South San Francisco, California 94080

*E-mail: mahajan.ekta@gene.com. Phone: +1 (650) 467-5890.
Fax: +1 (650) 225-4436

Protein A affinity chromatography is a key purification step
used during the purification of recombinant monoclonal
antibodies (mAbs) harvested from cell culture fluid (HCCF).
During this purification process typically a single Protein A
resin is dedicated to purify a specific mAb of interest. For
clinical manufacturing and pilot plant runs this can result in
significant resin underuse, such that the Protein A resin is only
used 10% of its potential lifetime. Herein we demonstrate
that significant cost savings can be achieved (annually) if the
Protein A resin is reused for multiple products. In this study,
a cleaning procedure called the MabSelect SuRe™ Campaign
Changeover Procedure (MSSCCP) was developed on lab-scale
to reduce protein carryover during the reuse of the Protein A
resin for purification of multiple products. Use of the MSSCCP
cleaning procedure results in less than 1 ppm carryover of intact
IgG into subsequent purification samples. This low protein
carryover is 103 fold less protein carryover than that set in
safety margins, and demonstrates that the same Protein A resins
can be used to purify multiple products. The reuse procedure
was successfully implemented on lab scale, and on pilot plant
scale for the production of mAb drug substances.

© 2013 American Chemical Society
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1. Introduction

Recombinant monoclonal antibodies (mAbs) are used in medicine and
diagnostics (1). Industrially, recombinant mAbs are bioproduced in living cells,
such as Chinese Hamster Ovary (CHO) cells (2). Once produced, the mAb
of interest must be isolated from the cellular and media components used for
its production. This purification process has two main steps (a) the primary
isolation process, which is followed by (b) the final purification process (Figure
1). The primary mAb isolation process begins after the cells are harvested for
the mAb of interest. Once the mAb is harvested the product pool contains the
mAb of interest as well as cellular components (media components, proteins,
DNA) and viruses that may be present during the mAb production process. In
the first chromatography step, the product pool is run through a Protein A affinity
column (Step 1). The purpose of the Protein A affinity step is to remove media
components, cellular debris, and putative viruses. Following Step 1, the product
pool, containing the mAb, is further purified over an ion exchange column (IEX,
Step 2). Step 2 serves to remove additional contaminants, such as aggregates and
DNA. After IEX chromatography the last step of the primary isolation process
includes a step to remove viruses using a virus reduction filter (Step 3). Typically
after Step 3 a final purification of the mAb is performed with a second ion
exchange step (Step 4), to remove any residual CHO proteins (CHOP). After final
purification, Ultrafiltration/Diafiltration (UF/DF, Step 5) is performed to remove
small molecules, concentrate the mAb, and exchange the buffer to formulate the
purified mAb into its final formulation buffer. This is followed by a bulk filtration
step, which ensures sterility of the mAb pool (Step 6).

Figure 1. Outline of a Protein A-based mAb purification process. Protein A
affinity chromatography (Step 1) is the first column purification step in the
isolation process. Step 1 is followed by an ion exchange chromatography step
(Step 2) then a viral filtration step (Step 3). In the final purification a last ion

exchange column (Step 4) is run, which is followed by Ultra filtration/Di-filtration
(Step 5) and a final Bulk filtration step (Step 6).
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The use of Protein A affinity chromatography in industrial mAb purification
is commonplace as it is efficient, scalable, and reproducible (3). However,
Protein A resin costs are significant, comprising a substantial portion of the raw
material costs in MAb manufacturing (4). This expense is further exacerbated
by resin underuse, such that a single packed Protein A column is used only 10%
of its potential lifetime (in the pilot plant and during clinical production) (2). In
order to reduce these costs we sought to reuse our Protein A resin for multiple
different mAb products. Protein A resin reuse for multiple products is not a
common practice as reuse can result in protein carryover, not only from previous
runs, but also from previously purified products. Thus we sought an efficient
cleaning process that would enable reuse. The motivation for this work was to
identify a process that would not only save money, space, and time, but also be
environmentally friendly. The financial savings from reuse of Protein A resins was
obvious , but time savings are obtained from the avoidance of repacking columns,
for every new mAb synthesized. Reuse of Protein A resin is also cleaner for the
environment, as there is less Protein A resin that is wasted, stored, or shipped.
Note a typical MabSelect™ SuRe resin can be used up to 250 cycles (times) (4,
5). However, on pilot plant scale for a typical clinical or toxicology run, a Protein
A column is only used at total 3-4 runs (18-30 cycles), wasting anywhere from
220-232 cycles (2). In the current project, the reuse of MabSelect™ SuRe resin
for multiple CHO products on lab and pilot scale was optimized and enabled.
To reduce levels of mAb carryover from previous purifications to acceptable
levels an improved Protein A resin cleaning procedure to be used between mAb
purification runs was identified and validated. This was achieved by addressing
the following: (a) quantification of the amount of pre-cleaning protein carryover
(if any) from previous purifications into subsequent purifications using the same
Protein A resin, and (b) identification of a method to clean a Protein A affinity
resin before or after use such that multiple products could be purified over the
same Protein A resin with limited protein carryover and no safety concerns.

1.1. The Economic Impact of Reusing Protein A Resins

The economic impact of reusing our Protein A resins in a mAb purification
process was determined to assess if an economic benefit existed. The assessment
included cost savings for high demand, low demand, current use and reuse of
in house Protein A resins for up to 250 cycles. Prior to implementation, it was
estimated that two to five million US dollars would be saved over the next seven
years by simply reusing the Protein A resins (Figure 1A). (In just two years
since the implementation, actual savings have already reached approximately two
million dollars , without accounting for the reduced labor costs. A cost saving
that validates the use of a cleaning process to reuse Protein A resins). Since there
was a significant economic benefit to Protein A resin reuse, the next step was to
quantify the levels of pre-cleaning protein carryover.
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1.2. Quantification of Protein Carryover and Risk

In an effort to quantify protein carryover from sample to sample a pre-cleaning
test run was performed on lab scale using a standard Protein A affinity column
(0.66 × 20 cm). This run was called a ‘mock run’ as the process was run according
to a Standard Purification Procedure (Appendix) except the load cycle was
simulated with the equilibration buffer. The elution pool was collected, as per
a typical Protein A process, and analyzed to determine the presence of protein.
The analysis revealed that 20-30 ppm of protein carryover is present in the ‘mock
elution’ (Figure 2) in the absence of any additional column cleaning. The result
was confirmed with a second run (Figure 2). .

Figure 2. Schematic view of the experimental protocol for the determination of
protein carryover after sample loading and purification on Protein A column

followed by column cleaning.

In order to determine safe carryover levels, a risk assessment was conducted
to determine acceptable immunoglobulins (IgG) and protein carryover levels in
Genentech mAbs, and a substance-specific Acceptable Daily Exposure (ADE) for
IgGwas calculated. AnADE is defined as a substance-specific dose that is unlikely
to cause an adverse health event or undesirable physiological effect if an individual
is exposed to this does or to a lower dose over a lifetime (6). In addition to an
ADE, an Estimated Daily Intake (EDI) for IgG was also determined based on the
amount of IgG administered per dose. A comparison of the ADE to EDI, resulted
in a “worst case” x-fold safety margin (7). The “worst-case” safety margin is the
highest value of IgG carryover allowed from a previous sample, and this value is
set at 10 μg mAb A/ ml mAb B or 1000 ppm. Where mAb A is the carried over
mAb and mAb B is the desired mAb of interest (6, 7).

The pre-cleaning carryover results (20-30 ppm) obtained in the ‘mock run’
without additional cleaning was well below the established safety limit of 1000
ppm, set by the risk assessment. However, it was decided to err on the side of
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caution, as the limit for clinical manufacturing would be lower than 1000ppm.
The goal of the project was to develop cleaning procedure that can be transferred
to clinical manufacturing. Hence, a cleaning procedure was identified to minimize
carryover to less than 1 ppm. After careful optimization the optimum cleaning
strategy was based on (a) a static hold and (b) pH cycling. The addition of a
static hold procedure in the cleaning process allowed for extra residence time
without using extra buffer. Increased residence time likely aides with mass
transfer, and effectively serves to extract any remaining protein on the column
into the buffer. Alternation between an acidic and basic buffer called pH cycling,
enhances protein extraction and thus effectively washes the column. The optimal
cleaning conditions included those buffers that were already used as elution
and regeneration buffers. The ‘Elution buffer’ was 0.15 M AcOH (pH 2.9) and
‘Regeneration buffer’ for cleaning was 0.1 N NaOH (pH 12). The choice of
buffers was not serendipitous, rather based on their respective properties (8).
For example, the ‘Elution buffer’ (0.15 M AcOH, pH 2.9) was used to wash
bound IgG from the Protein A resin. Sodium hydroxide solubilizes proteins and
nucleic acids (all components of the production process) by denaturation and
cleavage of the proteins into small fragments. In addition, sodium hydroxide
destroys endotoxins and regenerates the resin. As neither of these conditions are
incompatible with the resin, and were already used for purification of in house
mAbs, their use was also economical.

2. Materials and Methods

2.1. Resin Selection

MabSelect™ SuRe Protein A affinity resin was chosen for the optimization
as it has a large working pH range (pH 3-12), and is stable under basic conditions,
without loss of binding capacity. Thus it was compatible with current Elution (0.15
M AcOH) and Regeneration (0.1 N NaOH) buffers for cleaning.

Other resins, such as ProSep® vA, were previously investigated. Briefly,
several different cleaning agents were investigated to clean the ProSep® vA
columns. However the majority of the conditions showed similar performance
(Figure 2A). Screening of a variety of buffers followed by consecutive ‘mock
runs,’ as outlined in the Standard Purification Procedure (Appendix), resulted in
decreased protein carryover from sample to sample (Figure 2A). Increased elution
flow rate also effectively cleaned the column (data not shown). The major findings
of this study were that static holds and pH cycling contributed more significantly
to the reduction of protein carryover compared to other variables tested. Although
some of the cleaning procedures did reduce protein carryover on ProSep® vA,
the reduction was not sufficient to warrant its usage on pilot, or larger scale.
Nevertheless, the results from the pH cycling and static hold experiments proved
useful in the optimization of the cleaning procedure on MabSelect™ SuRe resin.
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Table 1. Cleaning procedures investigated to reuse a MabSelect™ SuRe
columna

Entry Condition Intact IgG carryover
(ng carryover/mg product)f

1 Regeneration bufferb (6 CV)
Equilibration bufferc (5 CV)

0.98 ppm

2 Regeneration bufferb (5 CV)
Elution bufferd (3 CV)
Regeneration bufferb (5 CV)
Equilibration bufferc (5 CV)

1.80 ppm

3 Elution bufferd (3 CV)
Regeneration bufferb (5 CV)

<1 ppm

4 Elution bufferd (2 CV)
30-minute static holde
Elution bufferd (2 CV)
Regeneration bufferb (4 CV)

< 10 ppm

5 Elution bufferd (2 CV)
30-minute static holde
Elution bufferd (2 CV)
Regeneration bufferb (2.5 CV)
30-minute static holde
Regeneration bufferb (2.5 CV)

<1 ppm

6 Equilibration bufferc (2 CV)
30-minute static hold
Equilibration bufferc (2 CV)
Elution bufferd (2 CV, pH 2.8)
30-minute static hold
Elution bufferd (2 CV)
Regeneration bufferb (2 CV)
30-minute static hold
Regeneration bufferb (2 CV)

<3 ppm

7 Equilibration bufferc (4 CV)
6 cycles of the following:
Elution bufferd (3 CV)
10-minute static hold
Elution bufferd (1 CV)
Regeneration bufferb (3 CV)
10-minute static hold
Regeneration bufferb (1 CV)

<0.3 ppm

8 6 cycles:
Elution bufferd (3CV)
15-minute static hold
Elution bufferd (1 CV)
Regeneration bufferb (3 CV)
15-minute static hold
Regeneration bufferb (1 CV)
Storage bufferg (3 CV)

<0.5 ppm

Continued on next page.
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Table 1. (Continued). Cleaning procedures investigated to reuse a
MabSelect™ SuRe columna

Entry Condition Intact IgG carryover
(ng carryover/mg product)f

15-minute static hold
Storage bufferb (1 CV)

CV = column volume. a 0.66 × 20 cm. b Regeneration Buffer = 0.1 N NaOH (pH 12). c

Equilibration buffer = 25 mM Tris, 25 mM NaCl (pH 7.1). d Elution buffer = 0.15 M
Acetic acid (pH 2.9). e static hold = holding the buffer in the column at 0 mL/min flow
rate. f Carryover determined in a ‘mock run.’ g Storage buffer = 100 mM sodium acetate
and 2% Benzyl alcohol (pH 5).

2.2. Analytical Methods

The antibody concentration of HCCF was determined using a 2.1 × 30 cm
POROS column (Applied Biosystems, Foster City, CA) on an Agilent 1100 HPLC
(Agilent Technologies, Santa Clara, CA). Buffer A (100 mM sodium phosphate,
250 mM sodium chloride, pH 6.3), Buffer B (2% acetic acid, 100 mM glycine),
and Buffer C (0.1 M phosphoric acid, 205 CAN) were used, and the total run time
was 4.5 min. The protein concentration in the purified pool was measured using
the Agilent 8453 (Agilent Technologies, Santa Clara, CA) spectrophotometer at
280 nm. Multi-product enzyme-linked immunosorbent assay methods were used
for CHOP, and leached ProA analysis. TaqMan polymerase chain reaction was
used for CHO DNA analysis. Total protein was measured using a Capillary Zone
Electrophoresis/Laser-Induced Fluorescence Detection (CZE-LIF) assay. Intact
antibody and fragmented antibody parts were measured using a generic ELISA
assay. SDS/PAGE was performed on 18% Tris-HCl gel.

2.3. Quantification of Protein Carryover without Cleaning

The experimental protocol for the determination of mAb carryover is outlined
in Figure 2. First, 18 load cycles of a mAb were loaded onto a Protein A affinity
column (0.66 × 20 cm, Volume = 6.8 mL) at 30 g/L, and the sample was eluted.
The Protein A affinity column was subsequently cleaned, following one of the
column cleaning procedures outlined in Table 1. After cleaning, a ‘mock run’
was performed (see Appendix for ‘mock run’). To determine levels of protein or
impurity carryover, analytical samples were taken either during the ‘mock run’
at specific time points or during the column wash procedure. Analytical samples
collected were adjusted to pH 5 - 5.5 (1.5 M Tris base buffer) and then treated with
a detergent (0.1% polysorbate, 0.05% sodium azide) to prevent protein surface
adhesion (as this would give a false negative result).

In a first experiment the carryover in the elution pool was first determined
for three different mAbs (mAbA, mAbB, and mAbC) purified sequentially on a
MabSelect™ SuRe Protein A column without intermittent cleaning. The three
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purification cycles were loaded at 30 g/L on a Protein A affinity column (0.66
× 20 cm, Volume = 6.8 mL), and the results are shown in Figure 3A. The data
are graphed as the amount of intact IgG protein (ng carryover/mg product) carried
over from the previous run as a function of elution. According to the graph without
intermittent cleaning the highest carryover of the three load cycles was 30-40 ppm
(Figure 3A). The results clearly showed that in order to stay below 1 ppm of protein
carryover, additional cleaning cycles are needed to recycle the column.

2.4. Optimization of the MabSelect™ SuRe Cleaning Procedure (CP)

In an attempt to simplify cleaning procedures by reducing buffer consumption
and cleaning times, different combinations of buffers and run times were
investigated (Table 1, Entries 1-3). As the levels of carryover never fell below
the limit of 1 ppm, it was clear that more rigorous cleaning procedures needed to
be identified for lab-scale recycling on the MabSelect™ SuRe columns. More
rigorous cleaning conditions included the addition of static holds, where the
column was held for a defined period of time in a buffer and run at zero flow
(Table 1, Entry 4-5). It was found that static holds effectively washed more
protein off the resin than flushing with a buffer. Static holds effectively increased
the amount of intact IgG washed off the column 5-fold after an elution buffer
static hold, and intact IgG was not detected after a Regeneration buffer static
hold (Figure 4A). Further, the amount of carryover was significantly reduced in
a ‘mock elution’ to less than 10 ppm of intact IgG for Entry 4 (Table 1) and less
than 1 ppm of intact IgG is carried over for Entry 5 (Table 1).

Increasing the number of cleanings with static hold time were then
investigated with Entries 6-7 (Table 1). Clearly, static hold times with additional
cleaning cycles more effectively cleaned the resin than all other previously
investigated conditions. Such that after ‘mock runs’ were carried out, less than
3 ppm of carryover for Entry 6 (Table 1) and less than 0.3 ppm of carryover
for Entry 7 (Table 1) were detected (Table 1, Figure 5A). The increase in pH
cycles eluted more protein during the sharp pH transitions. However, aggregate
time with 0.1N NaOH is increased by increasing number of cycles with long
static hold which could be detrimental to the resin binding capacity. Since,
majority of protein is eluted after first cycle (Figure 3, 5A) for both 30minute and
10minute static hold time, the extra static hold time had limited additional benefit.
Hence, shorter static hold times with increased cycles was preferred over longer
hold times. In addition to our ELISA assays, capillary electrophoresis-Sodium
Dodecyl Sulfate analysis (CE-SDS) was performed to ensure fragment clearance
through the cleaning cycles. CE-SDS analysis of a ‘mock elution’ after cleaning
of a MabSelect™ SuRe column using the procedure outlined in Entry 7 (Table 1)
for a 94 ng/mL ‘mock elution’ sample revealed that the isolated mAb was over
90% fully intact (Figure 6A).

As a ‘proof of concept’ using the cleaning procedure in Entry 7 (Table 1)
an Akta chromatogram (generated during purification run) of a ‘mock elution’
suggested efficient cleaning of the column was achieved when a shift from Elution
buffer (0.15 M acetic acid) to Regeneration buffer (0.1 N NaOH) was made. This
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was evidenced by successive spikes in the UV-intensity during this pH cycling for
each of the 6 cycles (Figure 7A). Taken together, the pH cycling and static holds
provide the most ideal cleaning procedures.

Figure 3. Results for a lab scale purification of mAbA using the optimized
cleaning procedure (Entry 7, Table 1) before ‘mock runs’ to determine protein
carryover. (a) Protein carryover (ng/mg protein) as a function of Elution buffer
cycle wash; (b) protein carryover (ng/mg protein) as a function of Regeneration
buffer cycle wash; (c) protein carryover (ng/mg protein) as a function of the
stage in the ‘mock run.’ Legend: intact IgG (black), Fc fragments (grey).
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Scaling of the optimized cleaning procedure (Entry 7, Table 1) on lab scale
for the purification of mAbA on a MabSelect™ SuRe Omni fit column (0.66 ×
20 cm, Volume = 6.7 mL, 18 cycles of HCCF at 30 g/L) did in fact minimize
protein carryover (Figure 3). The results clearly demonstrate that after cleaning the
column using the six cycles of Elution buffer (0.15 M Acetic acid), significantly
less intact IgG or Fc fragment was detected after each cycle, such that by cycle
6 less than 5 ppm was detected (Figure 3). Similarly, even less intact IgG and
Fc fragments (<10 ppm) were detected after each of the six cycle washes with
Regeneration buffer (0.1 M NaOH, Figure 3). Further, by the time the ‘mock
elution’ was carried out (after pre-elution, pre-regeneration, and pre-equilibration)
less than 1 ppm of protein carryover was detected in the ‘mock elution’ sample
(Figure 3).

During the course of the cleaning procedure optimization, small amounts of
protein came off the column after periods of storage in storage buffer (100 mM
Sodium Acetate, 2% benzyl alcohol at pH 5.0). This observation suggested that
perhaps the storage buffer could also serve as an efficient cleaning buffer for the
MabSelect™ SuRe resin. However, subsequent ‘mock runs’ after intermittent
column cleaning with the storage buffer did not result in more efficient column
cleaning than previously optimized conditions (Entry 8, Table 1, Figure 8A).
Further, the addition of this cleaning buffer in the process would make the overall
process longer, without additional benefit. Hence, it was decided to proceed with
the existing optimized cleaning procedure.

The optimized cleaning procedure (Entry 7, Table 1) was then implemented on
a pilot scale for the purification of mAbZ (14 × 20, Volume = 3.23L) as a final test
prior to extending the procedure ontomAbs of interest. The results were promising
as expected with decreasing intact IgG and Fc detected after each cleaning such
that less than 1 ppm protein carryover was detected in the ‘mock elution’ of a
‘mock run.’ This particular pilot run was performed with mAbZ on aMabSelect™
SuRe column that had previously been used in nine purification cycles (Figure 4).

Figure 4. Plot of protein carryover as a function of sample from a 3.23 L pilot
scale purification of mAbZ on MabSelect™ SuRe column followed by column
cleaning with optimized 6 cycle cleaning procedure (Entry 7, Table 1). Legend:

intact IgG (black), Fc fragments (grey).
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As this cleaning procedure was so effective a total of 5 pilot scale columns
were cleaned after implementation. Further analysis of all these pilot scale samples
to determine the amount of other impurities such as: leached Protein A (Leached
Protein A assay) (9), other proteins (CZE LIF- Total protein, assay) (10), Chinese
Hamster Ovary Proteins and DNA (CHOP assay (11) and CHO DNA assay (12)),
Fc fragments of an antibody (Human Fc ELISA) (13), and total antibody (Intact
Human IgG ELISA) (13) were also performed to verify that the process performed
similarly at pilot scale (Table 2).As expected, all detected impurities were well
below acceptable limits, and the cleaning procedure can be used for purification
of mAbs (Entry 6, Table 2).

Table 2. Analysis of all samples from pilot scale purification of mAbZ using
optimized cleaning

Entry Sample Leached
Protein A
ppm

CZE-
LIF
(μg/mL)

CHOP
(ppm)

CHO
DNA
(pg/mL)

1 Elution 05 2.817 <0.25 0.51 <1.00

2 Elution 06 3.06 <0.25 <0.5 <1.00

3 Regeneration 05 17.7 >2.5 <0.5 <1.00

4 Regeneration 06 17.6 >2.5 <0.5 67.93

5 Pre-Elution <1 >2.5 <0.5 <1.0

6 Mock Elution <1 <0.25 0.74 <1.0

3. Results and Discussion
The previously optimized extended cleaning condition (Entry 7, Table 1) was

modified slightly for future studies and incorporated a 15 minute static hold time,
instead of a 10 minute one (Figure 4). This new protocol is called MabSelect
SuRe™ Campaign Changeover Procedure (MSSCCP). The overall process of
cleaning the resin took 4.5 hours at 20 column volume (CV)/hour flow rate, and
it was run for 6 cycles (6 times). The MSSCCP conditions included pH cycling,
between the Elution and Regeneration buffer, and static holds to effectively wash
the column. Briefly, the procedure is detailed in Figure 5. The entire process is
run a total of 6 cycles in order to thoroughly clean the resin. Finally, the resin was
washed with Equilibration buffer (3CV) before storage in storage buffer (5CV,
Storage buffer). In order to effectively monitor resin-cleaning, samples were
collected after the 15-minute hold times to analyze carryover at each cycle and
determine how much protein was removed from the resin at each step and each
cycle (Figure 5).
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Figure 5. Schematic outline of MSSCCP method, ‘optimized cleaning protocol’
using 15-minute static hold time (a) and a ‘mock run’ (b) Equilibration buffer
= 25 mM Tris, 25 mM NaCl (pH 7.1). Elution buffer = 0.15 M sodium acetate,

Regeneration buffer = 0.1 N NaOH.

After the resin was cleaned, a ‘mock run’ was performed to verify the protein
carryover (Figure 5). The ‘mock elution’ was collected and assayed to determine
the amount of carryover and the presence of other impurities (9–13). These other
impurities include host cell components, proteins, viruses, or DNA. These assays
include a test for intact human immunoglobulin (IgG) using an ELISA (13),
human Fc fragment in another ELISA (13), any other protein using a Capillary
Zone Electrophoresis/Laser-Induced Fluorescence Detection assay (CZE/LIF)
(10), Chinese Hamster Ovary Proteins in a CHOP assay (11), and leached Protein
A assay (9). In the ‘Intact Human IgG ELISA’ and the ‘human Fc ELISA’, the
amount of entire antibody or antibody fragment on the column is quantified;
where the former binds to both the fragment antigen-binding region (Fab) and
the Fragment crystallizable (Fc) regions, and the latter binds only to human Fc
region (13). The CZE-LIF assay can confirm those results by quantifying the total
amount of protein in a sample (10). Finally, it is known that Protein A can leach
off the resin during runs or during harsh cleaning, negatively impacting binding
capacity, thus it is important to determine the amount of leached Protein A (4, 10,
14).
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Figure 6. Results for a lab scale purification of mAbC using MSSCCP cleaning
procedure (Figure 5) before ‘mock run’ to determine protein carryover. (a)
Protein carryover (ng/mg protein) as a function of Elution buffer cycle wash;
(b) protein carryover (ng/mg protein) as a function of Regeneration buffer cycle
wash; (c) protein carryover (ng/mg protein) as a function of the stage in the

‘mock run’.

To test the efficiency of the cleaning procedure a mAb of interest, mAbC
was purified on lab scale on the MabSelect™ SuRe column (0.66 × 20 cm,
Volume = 6.8 mL) with an AKTA Explorer 100 (as described in 2.2). The protein
carryover during and after several cleaning cycles was measured and the results
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demonstrated that protein carryover decreased after each cleaning cycle (Figure
6). The intact IgG protein and Fc fragment carryover of mAbC in a subsequent
‘mock run’ decreased from 25 ng/mg intact IgG and 35 ng/mg Fc fragments in the
first cycle with Elution buffer to less than 5 ng/mg for both after the sixth cycle
with Elution buffer (Figure 6). During and after Regeneration (which followed
Elution), significantly more intact IgG and Fc fragments washed off the column
until the sixth cycle was reached where levels were reduced cumulatively to
less than 5 ng/mg carryover. To test carryover a ‘mock run’ (run after the entire
cleaning cycle) was performed and additional IgG and Fc fragments washed off
the column in the pre-regeneration, but by the time the ‘mock elution’ process
began (where a second mAb would be expected to come off in the reuse process)
less than 1 ppm of IgG and Fc fragments were detected (Figure 6). Taken
together these results confirm that the MSSCCP conditions are effective cleaning
conditions and the total amount of protein carried over from previous runs will
be less than 1 ppm when reusing the resin, after using the MSSCCP cleaning
procedure.

In order to get a better idea of what type of protein fragments are present per
cycle wash, a sample from each cycle was run on a 10% Tris-HCl gel (mAbC)
(Figure 7) (15). From cycle 1 to cycle 6 less protein was observed in each
successive cycle (decreased band intensity in each lane, Figure 7). Further, lanes
with samples from the static hold cycles were more concentrated than during
cycle 1-6, with more protein removed after each static hold cycle. These results
demonstrate that extended residence times help remove residual protein off the
column.

Figure 7. 10% Tris-HCl gel taken at different stages of an optimized cleaning
protocol of a MabSelect™ SuRe column (Figure 5). Samples were taken after the
purification of mAbC. Note: regeneration samples are concentrated (25 fold) and

lanes marked in red contain samples after the 15 min static holds.

This optimized cleaning process was extended to the purification of mAbX
at pilot scale on a MabSelect™ SuRe column (13.8 × 20, Volume = 3 L). The
results were similar to the results previously seen at lab scale (Figure 3). As seen
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on the lab scale runs, protein impurities are removed from the resin in the initial
cleaning stages, and their overall concentration decreases after each elution and
regeneration cycle, until the sixth cycle is reached (Figure 8). During the resin
regeneration the amount of protein that is initially washed off the column is much
greater than after the sixth cycle, such that by the time the sixth regeneration cycle
is reached, less than 1 ppm of protein impurities are detected (Figure 8).

Purification of mAbY on a MabSelect™ SuRe column (20 × 20, Volume =
6.28 L) and subsequent column cleaning with the MSSCCP cleaning protocol
(Figure 5), followed by a ‘mock run’ resulted in less than 1 ppm of leached Protein
A, less than 0.25 mg/mL (limit of quantification) CZE-LIF, less than 0.5 ppm
CHOP, and less that 1.0 pg/mL CHO DNA after the sixth regeneration cycle in
the mock elution (Table 3). All impurities were comparable to historical data, and
within acceptable limits.

Figure 8. Results for a pilot scale column (3 L) purification of mAbC using the
optimized cleaning procedure (Entry 7, Table 1) before ‘mock run’ to determine
protein carryover. (a) Protein carryover (ng/mg protein) as a function of Elution

buffer cycle wash; (b) protein carryover (ng/mg protein) as a function of
Regeneration buffer cycle wash. Legend: intact IgG (black), Fc fragments (grey).
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Table 3. Analysis of all samples from large scale column (6.28 L) purification
of mAbY on a MabSelect™ SuRe column using the optimized cleaning

procedure MSSCCP to verify minimal carryovera

Entry Sample Leached
Protein A
(ppm)

CZE-
LIF
(μg/mL)

CHOP
ppm

CHO
DNA
(pg/mL)

1 Elution 02 6.24 0.35 0.74 <1.00

2 Elution 03 2.72 0.28 0.63 <1.00

3 Elution 04 3.08 0.35 <0.5 <1.00

4 Elution 05 3.01 0.34 <0.5 <1.00

5 Elution 06 3.03 <0.25 <0.5 <1.00

6 Regeneration 06 23.72 >2.5 1.1 27.05

7 Pre-Elution 1.4 <0.25 <0.5 1.12

8 Mock Elution <1 <0.25 <0.5 <1.0
a For information on a particular assay see references (10–13).

In a final test of the robustness of the optimized cleaning protocol MSSCCP
(Figure 5), a 6.28 L MabSelect™ SuRe resin that had previously undergone 153
multiproduct load cycles was used to purify a mAb of interest. The carryover
from the previously used resin into a ‘mock run’ (Entry 1, Table 4) was compared
to the carryover observed from three other different MabSelect™ SuRe resins.
The results are outlined in Table 4. Briefly, the old MabSelect™ SuRe large scale
multiproduct resin (Entry 1, and 2, Table 4), behaved comparably to a new mAb
specific (not a multiproduct) MabSelect™ SuRe resin (Entry 3, Table 4) and a new
mAb specific lab scale MabSelect™ SuRe resin (Entry 4, Table 4). According to
the results all the Protein A resins provided mAbs in greater than 90% yield, with
comparable CHOP, percentage aggregate and leached Protein A (ng/mg). Taken
together a multiproduct resin has no negative impact on product impurity profile
or the step yield. Pilot scale and lab scale results are also comparable (Entry 4,
Table 4).

In addition to the work presented, several more in house mAbs have been
purified on multiproduct resins that were cleaned using the MSSCCP procedure.
The results have all been very similar and reproducible with total protein levels
below 0.25 ppm (assay detection limit) (Table 1A). The results suggest the
optimized cleaning procedure MSSCCP is an efficient, reproducible and robust
way to clean, regenerate, reuse and recycle multiproduct MabSelect SuRe™
Protein A resins. Use of the MSSCCP cleaning procedure for intermittent Protein
A resin cleaning reduces protein carryover to well below established safety
margins.
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Table 4. Comparison of mAb product yields and impurity profiles of
different MabSelect™ SuRe columns after using the optimized cleaning

procedurea

Ent-
ry

Column
/Scale

Step
Op.

Yie-
ld
(%)

Leached
Protein A
(ppm)

%
ag.f

CHOP
ppm

CHO
DNA
(pg/
mL)

1 A/400 Lb HCCF - - - 1,161,000 59,700

Protein A >90 8 3.17 <12000 62

2 B/100 Lc HCCF - - - 2,591,520 -

Protein A >90 12 2.6 <12000 80

3 C /400 Ld HCCF - - 2.2 1,115,320 -

Protein A >90 10 1.6 <12000 -

4 Dg Protein A >95% 15 N/A <12000 960
a For information on a particular assay see the Appendix. b Column A was an old
MabSelect™ SuRe multiproduct column used previously in 153 load cycles. c Column
B was a lab scale run on a newer MabSelect™ SuRe column. d Column C was a pilot
scale purification on a MabSelect™ SuRe mAb-specific (not multiproduct) column. e

Exchg. = Exchange. f ag. = aggregate. g Column D was a newer lab scale mAb specific
MabSelect™ SuRe column.

4. Conclusions
We have developed a highly effective MabSelect SuRe™ Campaign

Changeover Procedure (MSSCCP) cleaning method that allows MabSelect
SuRe™ Protein A resin to be used for multi-product purification with no impact
on product purity and or loss of resin binding capacity. Data from lab as well as
pilot scale experiments suggest that a MSSCCP cleaning protocol that includes
6 cycles of 0.15 M Acetic Acid (Elution buffer) and 0.1 N Sodium Hydroxide
(Regeneration buffer) washes and 15 min hold times clean the MabSelect SuRe™
resin to less than 5 ppm of protein carryover in this first mAb cleaning step.
The MSSCCP process was successfully implemented on a multi-product Protein
A resin (MabSelectSuReTM) on pilot scale, giving further credence of the
usefulness of the strategy.
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Appendix

Materials and Methods.

Equipment and Materials. AKTA explorer 100 system A standard ÄKTA
explorer 100 chromatography system from GEHealthcare (Uppsala, Sweden) was
used for experimentation (Fig. 1). 0.66cm diameter x 20cm bed height columns
(Omnifit) packed with MabSelect SuReTM (GE Healthcare) Protein A media were
used for system evaluation. The system was controlled using UNICORN software
(v 5.11). Affinity resins MabSelect SuRe resin (GE Healthcare, Uppsala,
Sweden) was used in this project as resin of choice because it is composed of
a rigid, high-flow agarose matrix and alkali-stabilized protein A-derived ligand.
This ligand provides greater stability than conventional protein A-based media
under the alkaline conditions used in cleaning-in-place (CIP) protocols. Cleaning
can be performed with cost-effective reagents such as sodium hydroxide that may
help improve process economy.

Standard Purification Procedure (‘mock elution’). Protein A cycles were
run using the following parameters (a) MabSelect SuRe resin with a load capacity
of 30g/L resin. (b) The HCCF was loaded at 15 °C (12–18 °C) (all other phases at
room temp.) on a 0.66 × 20 cm column. (c) The pool pH was adjusted to pH 5.0
by the addition of 1.5 M Tris base. The buffers used were similar to those used for
the batch process. The columns were equilibrated with 25 mM Tris and 25 mM
sodium chloride, washed 0.4M potassium phosphate, eluted with 0.1 N acetic acid
(pH 2.9), and regenerated with 0.1 N sodium hydroxide for MabSelect SuRe (2,
4, 15).

List of buffers

Buffers. (a) 0.15 M Acetic Acid (also the elution buffer); (b) 0.1 M Sodium
Hydroxide (also the regeneration buffer.

Cleaning Strategy. The cleaning procedure is performed at 20CV/hr flow
rate. The cleaning procedure was developed based on two factors (a) pH cycling
and (b) Static hold times.

Cleaning Procedure (MSSCCP). The MSSCCP is performed in between
any two runs. Typically for Protein A resin each run consists of several cycles. It
should be noted that the MSSCCP procedure is not performed in between cycles
(only between runs). The following steps are involved in the resin cleaning
procedure: First the column is conditioned with 5CV equilibration buffer. Then
the following sequence of steps (1-6) is repeated 6 ×:
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(1) 3CV with 0.15M Acetic Acid
(2) 15 minutes of static hold time,
(3) 1CV with 0.15M Acetic Acid,
(4) 3CV of 1M Sodium Hydroxide
(5) 15 minutes of static hold time,
(6) 1CV of 1M Sodium Hydroxide

Once the 6x cleaning is done the column is again equilibrated with 3CV of
equilibration buffer and finally stored by running 5CV of storage buffer.

Analytical Methods. The antibody concentration of HCCF was measured
using a 2.1 × 30 cm POROS column (Applied Biosystems, Foster City, CA) on an
Agilent 1100 HPLC (Agilent Technologies, Santa Clara, CA). Buffer A (100 mM
sodium phosphate, 250 mM sodium chloride, pH 6.3), Buffer B (2% acetic acid,
100 mM glycine), and Buffer C (0.1 M phosphoric acid, 205 CAN) were used,
and the total run time was 4.5 min. The protein concentration in the purified pool
was measured using the Agilent 8453 (Agilent Technologies, Santa Clara, CA)
spectrophotometer at 280 nm. Multi-product enzyme-linked immunosorbent assay
methods were used for HCP, and leached ProA analysis. TaqMan polymerase
chain reaction was used for CHODNA analysis. Total protein was measured using
a CZE-LIF assay. Intact antibody and fragmented antibody parts were measured
using a generic ELISA assay.

Figure 1A. Cost analysis for reusing resin over the next seven years. Legend:
current use (grey), cost if resin is reused (black). For MabSelect™ Sure resin

reuse limit = 250 protein load cycles.
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Figure 2A. Plot of protein carryover as a function of CV washes (resin cleaning
efforts) with different buffer solutions on a ProSep®vA column. Legend: 6 M
guanidine HCl: magenta); 19% ethanol: red; 2 M arginine HCl: brown; 20%
hexene glycol: grey; 8 M urea/1 M NaCl: orange; equilibration buffer: blue; 1%
v/v phosphoric acid: yellow; 0.1 M Imidazole/19% Ethanol: black; 0.1 M Acetic

acid: green; 2 M potassium phosphate: turquoise.

Figure 3A. Plot of total protein carryover (intact IgG + Fc fragment) as a
function of Elution sample cycle from a sequential lab scale purification of
mAbA, mAbB, and mAbC on a MabSelect™ SuRe column without additional

resin cleaning. Legend: mAbA carryover in mAbB elution (black & grey), mAbB
carryover in mAbC elution (grey), and mAbA carryover in mAbC elution (black).
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Figure 4A. Protein removal seen in initial cleaning cycles as a function of elution
buffer (0.15 M Acetic acid) or Regeneration buffer (0.1 N NaOH) CV washing.
Arrows point to 30 min static holds. Note there is a 5 fold increase in the amount
of protein that is washed off the column after a 30 min static hold and no protein
was detected after static hold with Regeneration buffer. Legend: Method 4 (Table

1): black; method 5 (Table 1): black and grey.

Figure 5A. Intact IgG protein detected after ‘mock runs’ were performed on a
MabSelect™ SuRe column after cleaning using Method 6 (black bar, Table 1)
and Method 7 (none detected, Table 1). Three ‘mock runs’ were performed using

Method 7 (Table 1) and results were reproducible.
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Figure 6A. Capillary Electrophoresis-Sodium Dodecyl Sulfate (CE-SDS) analysis
of a ‘mock elution’ after cleaning of a MabSelect™ SuRe column following the
Method 7 cleaning procedure (Table 1) for a 94 ng/mL mock elution sample

revealed that the mAb was over 90% fully intact.

Figure 7A. Akta chromatograms using the Method 7 cleaning procedure (Table
1) a chromatogram of a ‘mock elution’ suggests efficient cleaning of the column,
as demonstrated with spikes in the UV-intensity when a shift from Elution buffer
(0.15 M acetic acid) to Regeneration buffer (0.1 N NaOH) is made for each of
the 6 cycles. Suggesting that alternating strongly acidic and basic buffers with
15 min buffer hold times is an ideal cleaning protocol. Blue line = UV 280 nm,

Red line = pH, Magenta line = conductivity.

108

 S
T

A
T

E
 U

N
IV

 o
n 

M
ar

ch
 1

0,
 2

01
3 

| h
ttp

://
pu

bs
.a

cs
.o

rg
 

 P
ub

lic
at

io
n 

D
at

e 
(W

eb
):

 M
ar

ch
 8

, 2
01

3 
| d

oi
: 1

0.
10

21
/b

k-
20

13
-1

12
5.

ch
00

6

In Developments in Biotechnology and Bioprocessing; Kantardjieff, A., et al.; 
ACS Symposium Series; American Chemical Society: Washington, DC, 2013. 



Figure 8A. Plot of total protein carryover as a function of cleaning cycle
following conditions outlined in Method 8, Table 1 with Storage buffer (100 mM
sodium acetate and 2% Benzyl alcohol (pH 5)). Legend: Elution cycles (black &

grey), Regeneration cycles (grey), Storage buffer cycles (black).

Table 1A. Analysis of in house mAbs that have been purified on Protein A
resin that was cleaned using the optimized cleaning procedure MSSCCP

on a multiproduct column

mAb scale CV (mL) Total protein (mg/mL)

1 Lab 6.8 <0.25

2 Lab 6.8 0.46

3 Pilot 3000 <0.25

4 Pilot 6280 <0.25

5 Pilot 6280 <0.25

6 Pilot 3230 <0.25

7 Pilot 6280 <0.25

8 Pilot 1730 <0.25
a For information on a particular assay see the Supporting Information. b CV = column
volume.
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Chapter 7

How To Tie a Peptide Knot

Si Jia Pan, Wai Ling Cheung, Siyan Zhang, Mikhail Maksimov, and
A. James Link*

Departments of Chemical Engineering and Molecular Biology,
Princeton University, A207 Engineering Quadrangle,

Princeton, New Jersey, 08544
*E-mail: ajlink@princeton.edu. Phone: +1(609) 258-7191.

Fax: +1(609) 258-0211

Lasso peptides are unique ribosomally-synthesized natural
products with extraordinary stability. The focus of the present
studies was on the role of the leader peptide in the biosynthesis
of lasso peptides in bacteria as well as efforts to engineer the
lasso peptide scaffold for new purposes.

Keywords: Lasso peptide; peptide knot; Microcin J25; lasso
peptide libraries; antimicrobial activity

1. Introduction

The lasso peptide Microcin J25 (MccJ25) is a member of a class of low
molecular weight antibacterial agents called microcins. Microcins are secreted
by Enterobacteriaceae to kill other competing bacteria; and are biosynthesized
ribosomally, exhibiting many post-translational modifcations (1). MccJ25 is
a 21 amino acid peptide (2) (Figure 1) that displays potent antibiotic activity
against Gram-negative (Gram-) bacteria, and is especially active against enteric
(intestinal) bacteria, Escherichia coli (E. coli), strains of Salmonella, and strains
of Shigella (1). MccJ25 garners its antimicrobial activity via the inhibition of
RNA polymerase (3). Other than MccJ25 only one other clinically used small
molecule antibiotic, rifampicin, is known to target and inhibit RNA polymerase
(4). The biosynthesis of most of the lasso peptide class remains elusive, with
the exception of MccJ25 and capistruin (5, 6) and most recently lariatin (7) and
astexin-1 (8). Precise molecular details about the biosynthesis of lasso peptides
still need to be elucidated.

© 2013 American Chemical Society
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Figure 1. Different representations of the lasso peptide structure of MccJ25. (a)
Schematic view of the lasso. (b) Ribbon and stick representation of MccJ25
(PDB code 1Q71) (9). (c) Amino acid sequence of MccJ25, with the isopeptide
bond that forms the 8-membered lactam or ring framework. Figure 1b prepared
using Chimera (10). Legend: C-atoms: gray; N-atoms: blue, O-atoms: red;

ribbon: cyan.

To date, nine different lasso peptides have been discovered from bacterial
producers and each peptide represents an attractive drug target (11–18). This
attractiveness is not only because of the diverse biological functions and activities,
but also because of three additional properties. First, the larger surface area of a
lasso peptide allows the peptide to engage in a greater number of intermolecular
interactions, such as van der Waals contacts and hydrogen bonds, to a given
drug target relative to its small molecule counterparts. Second, lasso peptides
(like all peptides composed of natural amino acids) are intrinsically evolvable;
since the peptide framework is encoded with a gene, a large series of analogues
can be generated using recombinant DNA techniques and directed evolution.
The ability to rapidly evolve a peptide therapeutic is attractive considering a
major problem with drugs is the inherent ability of microbes and viruses to
evolve themselves. Third, the lasso framework holds the peptide in a rigid
and well-defined confirmation imparting incredible heat and protease resistance
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(Figure 1) (2b). In contrast short linear peptides lack a well-defined secondary
structure and this lack of pre-organization can hinder a peptide from readily
recognizing its target. Further, oral delivery of linear peptides is complicated by
the fact that peptides are substrates for digestive proteases and thus are degraded
before they can reach their targets. One way to overcome both these limitations
is to rigidify the peptide framework by introducing conformational constraints.
Such constraints can be added into peptides in a number of ways, but the focus
here will be on the generation of the lasso peptide framework.

The backbone of all lasso peptides, including MccJ25 resembles a lasso or a
slipknot, the namesake of the class (Figure 1a). There are two regions of lasso
peptide natural product: the ring and the loop/tail. The ring portion of the lasso
results from the formation of an isopeptide bond between the N-terminal amine
and a carboxylic acid side chain (Figure 1c). The ring size varies amongst the
class from 8-9 amino acids (11). In the case of MccJ25 this carboxylic acid is
of a glutamic acid side chain (Glu8, E8, Figure 1), making its ring size 8 amino
acids. The remaining C-terminal amino acids (13 in the case of MccJ25) are
then threaded through the central 8-membered ring, resulting in a completed lasso
structure (Figure 1b). The amino acid sequence of the lasso peptide MccJ25 is
shown in Figure 1c. All lasso peptides identified overall have diverse structures
despite resulting from the same type of chemical connectivity. This can be seen in
a comparison of NMR structures ofMccJ25 and capistruin (Figure 2). Capistruin’s
tail is pulled through the ring substantially less than MccJ25. Thus although lasso
peptides occupy the same chemical space, there are numerous possible topologies.
This diversity in chemical space may be indicative of the many different functions
this class of peptides have in nature (11).

Figure 2. Comparison of the tertiary structure in ribbon and bow representation
of microcin J25 (PDB code 1Q71) (20) and capistruin (BMRB entry 20014) (18).
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1.1. Lasso Peptide Stability

MccJ25 is a remarkable example of the inherent stability of lasso peptides
(2b). The protein is stable to thermal and chemical denaturation and exhibits
tremendous protease stability and remains undigestedwhen treatedwith the typical
digestive proteases (19). The stability of the lasso structure is in part the result of
the presence of a phenylalanine 19 (F19) and tyrosine (Y20) on either side of the
8-membered lactam ring (20). These bulky residues prevent the tail from slipping
back through the ring providing a “lock” mechanism. Thus the MccJ25 peptide is
trapped in this entropically disfavored state affording it tremendous thermal and
chemical stability.

1.2. Biosynthesis

The biosynthesis of MccJ25, like capistruin, is encoded in 4 genes (Figure
3). The genes are organized on a single cluster (mcjABCD) that is found on a
plasmid pTUC100 in certain strains of E. coli (Figure 3) (2, 5b). A previously
constructed a plasmid, pJP3, has been generated that contains the MccJ25
biosynthetic machinery and allows for inducible control over the production of
MccJ25 (21). The mcjA gene encodes for the 58 amino acid peptide precursor to
MccJ25, a protein called McjA. The mcjB and mcjC genes encode two enzymes
(McjB and McjC) responsible for the conversion of McjA into the mature 21
amino acid lasso peptide MccJ25 (Figure 4) (22). Bioinformatic studies suggest
that the McjB protein is a protease, responsible for cleavage of the 37 amino
acid leader sequence, and McjC catalyzes the formation of the isopeptide bond
(Figure 4) (22a). The latter was hypothesized due to its sequence homology to
other amide-bond forming enzymes, including asparagine synthetases. The mcjD
gene encodes a membrane protein, McjD, which serves as pump (22a). McjD is
responsible for pumping the mature lasso peptide MccJ25 from the cytoplasm
of the cell, where it is generated, into the extracellular space. McjD is also an
immunity factor that ensures the host is not poisoned by the antibiotic it generates
by efficiently pumping it out the host cell.

Figure 3. Schematic view of the natural gene cluster mcjABCD on plasmid
pTUC100 in E. coli. Figure adapted from reference (24).
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Figure 4. Schematic representation of the function of McjB and McjC proteins in
the biosynthesis of the mature 21 amino acid lasso peptide MccJ25 from McjA.

Figure adapted from reference (23).

With MccJ25 as the model peptide, the present work uses the principles of
protein engineering to answer these questions about lasso peptides: How much of
the leader peptide onMcjA is needed to generate an activeMccJ25? What residues
within the truncated leader sequence are essential to generate and active MccJ25?
What is the effect of engineering MccJ25 via amino acid substitutions?

2. Material and Methods

2.1. Spot-on-Lawn Assay

To assess the level of MccJ25 produced by each of the truncation variants,
alanine mutant or library mutant, a spot-on-lawn assay was performed essentially
as described elsewhere (23). Briefly, the culture supernatant was obtained
via centrifugation and boiled to ensure that MccJ25 was the only bactericidal
component in the supernatant. These supernatants were spotted on an agar plate
overlaid with soft agar impregnated with exponentially growing Salmonella
newport (Salmonella enterica subsp. enterica serovar Newport), a strain of
bacteria hypersensitive to MccJ25 (2a). Finally, the plates were incubated
overnight at 37 °C. In this assay, the size of the zone of S. newport growth
inhibition semi-quantitatively reflects the level of MccJ25 production.

2.2. Truncation

The truncation variants were prepared as previously described (24). Removal
of 5 amino acid segments was from the N-terminus of the leader peptide. These
variants were cloned into pJP3, and the resulting plasmids were transformed into
the E. coli expression host DH5α. Transformants were grown to mid-exponential
phase in LB medium, induced with 1 mM IPTG, and allowed to produce MccJ25
overnight (20 h) at 37 °C.
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2.3. Alanine Scan

Single alanine variants of McjA(26-57) were expressed and culture
supernatants were spotted on S. Newport spot-on-lawn assay (23), as described
above (24).

2.4. Lasso Peptide Library

To construct the NNT saturation mutagenesis library of mcjA mutants, the
“mcjA ring F” and “mcjA ring R” oligonucleotides were used to synthesize the
mature peptide coding region of mcjA ring mutants by primer overlap PCR,
and likewise the “mcjA tail F” and “mcjA tail R” oligonucleotides were used
to synthesize the mature peptide region of the mcjA tail mutants. The fragment
coding for the signal peptide of mcjA and its upstream region extending to the
XhoI site from pJP3 was amplified using upstream primer “mcjA signal F” and
downstream primer “mcjA signal R”. Next, the fragment containing the mcjA
signal and the mature peptide coding fragment of mcjA mutants were joined
using assembly PCR to make full-length mutant mcjA. Both the ring and tail
mutant mcjA fragments were digested with XhoI and HindIII, and pWC8 was
digested with XhoI and HindIII to remove wild type mcjA, then the mutant mcjA
fragments were ligated into the place of wild type mcjA in the pWC8 plasmid,
creating the mcjA ring and tail NNT libraries (25).

For the ring and tail libraries, plasmids carrying the libraries were transformed
into XL-1 Blue cells and the cells were spread onto LB plates. About 12,000
colonies were obtained for each library, and the colonies were scraped from the
plates and grown in 100 mL of fresh LB broth for an hour. Plasmids carrying the
libraries were extracted from the culture by midiprep (Qiagen Plasmid Midi Kit),
and subsequently used to transform cells containing pJP31 for library screening
(25).

For the tail arabinose (tail ara+) library, plasmids carrying the tail library
were transformed into E. coli cells containing pJP31. The cells were spread onto
LB plates containing 0.2% arabinose. About 20,000 colonies were obtained and
harvested by scraping and grown in 100 mL of LB broth supplemented with
arabinose for an hour. Aliquots of the culture containing the library were mixed
with equal parts of a 65% glycerol solution and frozen at -80 °C until needed for
screening (25).

2.5. Replica Plate Assay

XL-1 Blue cells harboring the mcjA ring and tail libraries prepared as
described above were grown on LB plates (25 g/L agar) overnight. The colonies
on each plate were transferred onto two fresh plates (25 g/L agar) by replica
plating. During replica plating, the Petri dish carrying the original colonies was
inverted and lowered onto a block (Scienceware Replica-Plating Tool) covered
with velveteen square. After carefully lifting the original plate, an LB plate and
subsequently an LB plate with IPTG/glucose were inverted and lowered onto
the velveteen to create two plates carrying identical colony replicas. Following
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overnight incubation of the two replica plates, clones that were growth-inhibited
on the IPTG/glucose plate were identified as producers of functional MccJ25
variants (25).

3. Results and Discussion
3.1. Truncation Studies

McjA is a 58 amino acid protein precursor to MccJ25, of those only 21 are
present in the mature lasso peptide. Thus the first 37 amino acids at theN-terminus
of McjA are excised during MccJ25 biosynthesis. Thus the following questions
were posed: Are these extra amino acids needed to correctly process MccJ25? Is
this extra rope needed at the beginning to tie the peptide knot?

Figure 5. Amino acid sequence of McjA and schematic of truncated variants
prepared biosynthetically. Figure modified from reference (23).

To answer this question a series of truncated versions of McjA were generated
by sequential removal of five amino acid blocks from the N-terminus of the leader
peptide of McjA (Figure 5) (15b). An additional control was prepared by removal
of the final five amino acids of the leader peptide (Figure 5).

To access the impact of truncation on the formation of active MccJ25 each
variant was evaluated using a previously well-established spot-on-lawn assay (23).
The results of this study have been reported elsewhere (24), so they will be briefly
summarized here. The results of the spot-on-lawn assay are shown in Figure 6,
reading the plate counterclockwise starting from the top where the native McjA
protein was tested. Not surprisingly there is a large zone of inhibition for wild
type precursor sequence McjA (Figure 6a). Sequential removal of the first 5 (6-57
construct), 10 (11-57 construct) amino acid bocks off theN-terminus are not shown
for simplicity. However, for each successive construct where 15 (16-57 construct),
20 (21-57 construct), 25 (26-57 construct), amino acids were removed from the N-
terminus, a zone of inhibition, which is indicative of an antibiotic being produced,
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was observed - albeit to a lesser extent for each successive construct (Figure 6a).
However, if 30 amino acids are removed, 31-57 construct, no antibiotic activity
was detected (Figure 5a). The result suggests a minimal amount of leader peptide
is required to tie the knot.

Figure 6. S. Newport spot-on-lawn assay (23), or zone of inhibition assay, for
the determination of antimicrobial activity for the N-terminal McjA truncated
variants. (a) Zones of clearance for the native 15, 20, 25, and 30 amino acid
McjA truncations. (b) Zones of clearance for narrow range of variants 25, 26,
27, 28, and 29 amino acid truncated from the N-terminus of McjA. Results

demonstrate that the 29-57 construct is the minimum tail length. Figure modified
from reference (24).

To narrow in on the exact leader peptide length needed to tie the knot, a
second series of sequence variants were prepared (Figure 6b). For these 25 (26-57
construct), 26 (27-57 construct), 27 (28-57 construct), 28 (29-57 construct), and
29 (30-57 construct) amino acids were removed from the N-terminus of McjA
(Figure 6b). The results clearly demonstrate a decrease in the spot size for each
single and sequential amino acid removed, through to the 29-57 construct. This
construct represents the minimal leader peptide required for MccJ25 biosynthesis.
Thus 28 out of 37, or more than 75%, of the leader peptide is dispensable with
regards to MccJ25 biosynthesis. By analogy, only a little extra rope is needed to
tie the MccJ25 knot.

3.2. Sequence Variation in the Leader Peptide

Only nine amino acids were needed in leader peptide to tie the MccJ25 knot.
Next a probe of the function of the different amino acids within that minimal leader
peptidewas undertaken employing an alanine scan (24) on the 26-57 construct. For
this study each amino acid that was not already an alaninewas individuallymutated
to an alanine (Figure 7a) (24). Again the mutated 26-57 constructs were screened
in the spot-on-lawn (23) assay to ascertain the effect of mutation on antimicrobial
activity (Figure 7). The results have been published elsewhere so they will only
be summarized here (24).
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Reading the plate clockwise starting from the McjA T35A mutant (26-57
construct), it is clear that this residue, T35, is essential for conversion of McjA
into the mature MccJ25 (Figure 7b), as it was the only mutant to lose antimicrobial
activity completely. Two other mutants, S32A and L34A (Figure 7b) did show
reduced antimicrobial activity – smaller zones of inhibition in comparison to wild
type McjA. Interestingly, a threonine residue is also present in the second to last
position of the capistruin leader peptide (24), suggesting it may play a conserved
role in lasso peptide biosynthesis. We have examined the role of this conserved
threonine residue in our subsequent work (8, 11).

Figure 7. Alanine scan for the determination of essential residues in the leader
peptide on the 26-57 constructs. (a) Outline of selected mutations along the
leader peptide McjA truncated variants starting from K28A to K36A. (b) S.

newport spot-on-lawn assay (23) for the determination of antimicrobial activity
for the alanine scan of the 26-57 constructs. Figure modified from reference (24).

3.3. Molecular Engineering of Lasso Peptides

Molecular engineering of MccJ25 was performed to answer the following
questions: Can the lasso peptide scaffold be reprogrammed with any amino acid
sequence? What is the effect of altering the sequence of MccJ25 to engineer
a chimeric molecule with dual properties? For instance, one could imagine
designing a chimera in which a peptide is grafted onto a lasso peptide scaffold.
The resulting chimera could have the properties of the parent peptide, but with
the enhanced stability afforded by the lasso framework.

To answer these questions the ability of MccJ25 to withstand multiple amino
acid substitutions needed to be addressed. To do this in a systematic fashion
libraries of MccJ25 variants were prepared in a high-throughput (HT) fashion,
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and these analogues were screened for antimicrobial activity (25). The assumption
made was that if the variants displayed antimicrobial activity then a lasso peptide
is still formed.

As a screen to rapidly test for the lasso structure was not in place and a screen
for antimicrobial function was, the latter was used as proxy for structure. As the
work was published in detail elsewhere (24) it will only be summarized here.

Figure 8. An orthogonally regulated system for MccJ25 production and export.
a) Schematic illustration of the plasmid used to generated the MccJ25 library
that was under dual control with an inducible isopropyl-β-D-thio-galactoside
(IPTG) and arabinose promoter. b) Schematic cartoon representation of the
orthogonally inducible system used for the identification of active MccJ25

mutants. Figures modified from reference (25).

Two different MccJ25 libraries were constructed. The libraries were
generated through saturation mutagenesis that targeted either the β-hairpin
loop/tail or the ring (24). Three amino acid residues were modified concurrently
in each library and the mutants were prepared using standard recombinant DNA
techniques (see Materials and Methods). To control the phenotypic outcome
and identify active mutants the mcjABCD gene cluster was manipulated to elicit
separate control over the production and export of MccJ25 (Figure 8). As the
mcjA gene encodes the production of the lasso peptide framework, it was put
under the control of and isopropyl-β-D-thio-galactoside (IPTG) inducible T5
promoter (Figure 8a). Thus in the presence of IPTG in the growth media the
bacteria would produce McjA. A second and orthogonal promoter, which was
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under the control of arabinose, was used to control the mcjD gene (Figure 8a). In
the absence of arabinose, McjD is not produced and the cells die (Figure 8b) (26).

Typically, genetic selection assays are used to find the mutants that keep cells
alive, not dead as in this assay set-up. To overcome this limitation a replica plating
protocol was employed (Figure 9a) (27). The replica plating protocol was used as
a Stage I assay to identify colonies from the MccJ25 tail and ring mutant library
that do not survive under restrictive conditions. Those colonies that disappeared
in the replica restrictive plate were isolated in the parent plate. In Figure 9b three
examples of colonies that disappeared are circled in the parent plate.

Figure 9. Characterization of cells expressing orthogonally inducible MccJ25
production. (a) Schematic cartoon representation of the process behind
formation of a permissive plate (without inducer) and the generation of an
identical daughter plate (with inducer). Stage I: identification of functional
mutants: (b) Example of a library screen of E. coli XL-1 Blue harboring the

screening gene cluster and producing variants of MccJ25 (no inducer). Colonies
that disappeared in plate (c) are circled in (b). (c) library screen of E. coli XL-1
Blue harboring pWC8 and pJP31 incubated with inducer (IPTG and glucose).
Stage II Secondary screen: (d) zone of inhibition assay against S. newport to

evaluate library. Modified from reference (25).

The hits generated from Stage I were then verified in Stage II assay where the
culture supernatants were screened for their ability to inhibit Salmonella growth.
Stage II is a validation assay was performed to reexamine the hits generated in the
primary screen. A Salmonella spot-on-lawn assay (23) was performed to examine
the size of the zones of inhibition that are formed by the different mutants.

In the library screen 13,000 different clones were studied. Of the 13,000
clones screen 400 clones made it through to Stage II. Of those 400 clones, nearly
100 distinct mutants were identified to maintain antimicrobial activity. Recall that
prior to this work only 8 lasso peptides were known, and in the course of a few
months employing laboratory evolution techniques 100 new lasso peptides were
identified.
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A bar graph representation of the relative zone of inhibition diameters
(normalized to control) as a function of the library that clone came from clearly
demonstrated a trend (Figure 10). The trend observed is that mutants from the
ring library behave poorly (smaller relative diameters). Further there are not
only significantly more functional mutants from the tail library they are also
significantly more potent (larger relative diameter). Collectively this means the
tail portion is much more tolerant to amino acid modification than the ring (Figure
10).

A careful look at the distribution of the particular amino acid substitutions at
each position along the tail reveals there is no discernable pattern (25). In other
words, there is no particular amino acid substitution, or residue, that is favored,
suggesting this region of the antibiotic is highly mutable. Further, since the
screening assay for antimicrobial activity is more stringent than screening only
for the formation of a lasso peptide, it is likely this series represents only a small
fraction of the sequences that can form lasso peptides (25).

Figure 10. Relative zone diameters measured in the Salmonella spot-on-lawn
zone of inhibition assay as a function of library variant for all ring and tail
clones. The zone diameters are normalized to wild type MccJ25 zone diameter.
Zones of inhibition for the majority of variants are much smaller in comparison
to wild type and the tail mutants outperformed the ring mutants. Modified from

reference (25).

Conclusions

This manuscript seeks to answer the question: How to tie a peptide knot?
It was demonstrated through sequential removal of the amino acids along the
N-terminus of the leader peptide that only 9 amino acids of the leader peptide
are required to form a functional MccJ25 lasso peptide. By analogy only a little
bit of extra rope on the precursor protein is needed to tie the peptide knot. Site-
directed mutagenesis studies using the well-known alanine scanning technique
revealed that only a single residue inside the 9 amino acid leader sequence is
deemed essential, it is T35. Two other residues, S32 and S34, are important,
but not crucial. Further, directed evolution was employed to generate a diverse
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library of β-hairpin tail/loop and ring variants to ascertain the effect of amino
acid substitution in these regions. The results revealed numerous different peptide
sequences can be tied into lasso peptides in the tail region using the two enzymes
that are required for the biosynthesis of functional MccJ25, McjB and McjC. In
other words, many different ropes can be tied into lasso peptide knots.
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Chapter 8

Freeze-Dry Mediated Formation of
5-(Hydroxylmethyl)furfural

Kelly Fitzpatrick,* Brent Kendrick, Camilla Santos, Pat Green,
Bing Zhang, Deanna Hunt, Michael Ronk, and Ying Luo

Amgen, 4000 Nelson Road, Longmont, Colorado 80503
*E-mail: fitzpatk@amgen.com. Phone: 303-401-1636. Fax: 303-401-4403

During the development of a formulation for a protein
therapeutic, 5-(hydroxylmethyl)furfural (HMF) was discovered
as a by-product of the freeze-dehydration (lyophilization)
process. It was discovered that HMF formed as a result of
decomposition of carbohydrates in the buffered formulation
solution (pH < 7) in both placebo and drug product
solutions. HMF is a known by-product of heat-induced
carbohydrate breakdown via the Maillard reaction. The
potential toxicological impact of this impurity was assessed,
and it was found that there was no impact for the levels
present in therapeutic formulation. Further, the impact of
the impurity on product characterization and process testing
strategy were assessed. While no modifications of the protein
therapeutic were detected the process testing strategy was
impacted by the presence of HMF. Due to interference by
the strong UV response factor of HMF with the standard UV
based concentration determination, in combination with the
low product concentration, there was a need to develop a new
product concentration determination method for drug product
in-process and final drug product testing. This new method
utilized reverse phase-high performance liquid chromatography
(RP-HPLC) to separate the product from the HMF compound.
The implications of this finding suggest the impurity, HMF,
may be present in other marketed freeze-dried drug product
formulations prepared in a similar manner.

© 2013 American Chemical Society
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Keywords: 5-(Hydroxylmethyl)furfural; lyophilization-
induced reactions; formulation by-products; carbohydrate
decomposition; sugar breakdown; protein therapeutic

1. Introduction

The decomposition of mono-and disaccharides such as sucrose, glucose, and
fructose is a natural result of processing, such as cooking or heating. Some of the
products of this decomposition are a concern in the food industry, as well as the
pharmaceutical industry, as many of these ingredients are in food stocks such as
milk (1), fruit juices (2), carmels (3), tomato paste (4), infant formulas (5), and
infusion fluids (IVs) (6), just to name a few. The stability of the carbohydrates
within these consumables is important, as degradation affects not only the quality
and taste of the food or pharmaceutical drug, but also its shelf-life. Furthermore,
within the pharmaceutical industry the presence of such impurities can affect the
quality of the marketed drug from a toxicological standpoint.

Figure 1. By-products of non-enzymatic breakdown of carbohydrates (1-4).
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Scheme 1. Representative schematic of the formation of furfural from fructose.
According to the: a) Loby De Bruyn-Alberta van Ekenstein transformation and

b) the Maillard reaction (11–13)

Some common well known by products of non-enzymatic breakdown
of carbohydrates (Figure 1) in processed foods and pharmaceuticals are
5-(hydroxymethyl)-2-furfural (HMF, 1), 2-fufuraldehyde (F, 2), 2-furyl methyl
ketone (FMC, 3), and 5-methyl-2-furfural (MF, 4). Compound 1 (or HMF) and
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its related impurities are formed in the presence of amino acids (e.g. lysine)
and reducing sugars such as sucrose, fructose, dextrose (a.k.a glucose) (7), or
by heat-induced degradation from long-term storage (at ambient temperature,
25°C) (1, 8), or treatment with acid (9), and in some cases refluxing water alone
from glucose (10). The reaction mechanism for the degradation of saccharides
to HMF and F is not well understood. However, several mechanisms have
been put forth, and generally each mechanism consists of a condensation or
rearrangement (or isomerization) followed by loss (or dehydration) of three water
molecules to provide the conjugated furan ring. In theMaillard reaction pathway,
HMF is believed to be formed upon reaction of amino acids, like lysine, with
reducing sugars (Scheme 1b) (11). The acid catalyzed Loby De Bruyn-Alberta
van Ekenstein transformation (Scheme 1a) also proceeds via rearrangement of
glucose to fructose, followed by dehydration and cyclization to the furan (12, 13).

Figure 2. UV-absorbance spectra of placebo. The placebo contains formulation
buffer, sugars, and an amino acid and is at a pH < 7. Purple spectra:

formulation buffer prior to lyophilization; red spectra: reconstituted placebo
after lyophilization.

During the formulation process for a clinical lot of a placebo (ie. in the
absence of active drug) an impurity was found during a routine quality control
(QC) UV-analysis of a reconstituted sample of the lyophilized placebo. The
lyophilized placebo contained the same concentration of formulation components,
which included formulation buffer (pH < 7), sugars and amino acid, as the sample
containing the active drug. Prior to lyophilization, the formulation solution itself
did not contain any impurity, as judged by UV-analysis (Figure 2, purple trace).
However, upon lyophilization, the UV-spectrum displayed a pronounced peak
at 280 nm (Figure 2, red trace), which indicated that the impurity was formed
during the lyophilization process. The probable cause was identified as the
decomposition of the sugars in the formulation solution. As outlined in Figure
3, we sought to identify the impurity and the lyophilization cycle parameter
that caused the impurity, accurately quantify the amount of the impurity in drug
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product lots, perform a toxicological assessment to determine if the impurity was
of toxicological concern, ensure accurate protein concentration in drug product
and, finally, use this method during any site or processes changes to ensure
comparability.

Figure 3. Analytical solution diagram to address drug product impurity issue.

2. Results and Discussion

2.1. Identification of Impurity

The impurity was analyzed in the reconstituted placebo and drug product
solutions by RP-HPLC. Subsequently, the identity of the impurity was confirmed
as HMF by HPLC, UV, 1H-NMR, 13C-NMR and mass spectral analysis (see the
Supporting Information) (17). The HPLC retention time (Rt), UV absorbance
pattern, 1H-NMR, and 13C-NMR of the isolated sample matched that of an HMF
standard (see the Supporting Information). The 1D proton (1H) NMR spectrum
in D2O of the isolated impurity revealed an aldehyde proton, two protons in the
aromatic region, and two methylene protons (Table 1A, SI) (17). The coupling
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constants (J values) between the two aromatic protons was 3.6 Hz, which is
in agreement with a furan ring structure. In addition, the observed 1H and 13C
chemical shifts (δ) and coupling constants (J) for the impurity match those of
authentic HMF. The 1H and 13C NMR spectrum was also obtained in DMSO-d6
to ensure the exchangeable proton signals were detected.

The definitive assignment of all protons and carbons was achieved by 1D
and 2D NMR experiments (Figure 1A and 2 SI). Nuclear overhauser effect
(NOE) analysis demonstrated that the following proton pairs are in close
proximity: H-C(8)-H-C(4), H-C(4)-H-C(3) and H-C(3)-H-C(6). The 2D HSQC
spectrum revealed four carbons directly attached to protons (data not shown).
The 2D HMBC analysis detected numerous long-rang 1H-13C correlations for
the compound (data not shown). Due to sample matrix effects observed in the
isolated compound, spiking experiments with commercially available HMF were
performed in order to eliminate any ambiguity resulting from the sample matrix
(Table 1A and 2A SI). The spiking spectra in D2O and DMSO-d6 displayed the
coalescence of the two sets of 1H signals into one. It was demonstrated that
the different peak shape of the hydroxyl proton was a result of the difference in
sample matrix. In summary, chemical shifts, multiplicities, 1H-1H through-space
interactions and 1H-13C through-bond correlations are consistent with the
proposed HMF structure (Tables 1A and 2A SI) (17).

Analysis using mass spectrometry revealed the m/z value of the main
peak in the RP-HPLC chromatogram was 127, corresponding to the elemental
composition of HMF (MH+, C6H7O3; Exact Mass: 127.0395) and provided
definitive confirmation that the impurity in the drug product formulation was
HMF (Figure 4). Interestingly, there is no literature precedence for the formation
of HMF, or decomposition of sugars upon freeze-drying/lyophilization.

Figure 4. Mass spectral information for impurities separated by RP-HPLC (MS
data obtained by APCI-Q-Trap). XWC of DAD spectral data from λ = 280-282

νμ.
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2.2. Lyophilization Process Analysis

Due to the fact that HMF formation occurs during lyophilization, an attempt
was made to isolate the portion of the lyophilization cycle during which HMF
forms by simulating the lyophilization cycle using small scale models. From these
studies, the HMF formation was isolated to the primary and secondary drying
portion of the lyophilization cycle and was dependent on the length of total drying
time. The first lyophilization cycle had a combined primary (22 H) and secondary
(16.5 H) drying time of about 39 hours (H) and the second lyophilization cycle
had a combined primary (77 H) and secondary (25.5 H) drying time of about 103
H. When the drug product was lyophilized with the extended drying time higher
amounts of HMF were produced. Taking one step further, the aqueous portion
of the lyophilizaton buffer was eliminated by SpeedVac™, and the product
was stored in a dessicator at 30°C for 6 days, which resulted in an impurity
profile by RP-HPLC nearly matching that of the large scale drug product. The
RP-HPLC chromatograms of the products of the drying experiments are captured
in Figure 5, where the black chromatogram is the product resulting from the first
lyophilization cycle (about 39 H total drying time), the blue chromatogram is the
product resulting from additional drying in the chamber (about 103 H total drying
time), and the top pink trace is the product resulting from the lyophilization buffer
after SpeedVac™ for 15 hrs, then storage in a dessicator at 30°C for 6 days.
Using excessive drying conditions, the impurity profile of the drug product was
reproduced. In short, the drying time influences the formation of HMF and its
related impurities in the placebo and drug product.

Figure 5. Effect of drying conditions on the formation of HMF and its related
substances.
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2.3. Toxicology

2.3.1. HMF Quantitation Method

As this impurity was identified prior to commercialization, a rigorous
toxicology assessment was performed to determine not only the levels of the
HMF impurity in the drug product samples, but also to ensure that the level of
HMF was at levels that would not cause a safety concern. Further, assessment of
the impurity levels in all DP lots was performed, including lots used in clinical
studies and validation, as well as stability lots stored at different temperatures.
To do this, a quantitative RP-HPLC method was developed using a modified
C18 column and an acetonitrile/trifluoracetic acid gradient monitored by UV
at 280 nm. The method was then qualified and used to identify and quantitate
the presence of HMF and related impurities in the drug product samples and in
samples subjected to various storage conditions.

2.3.2. Toxicology Assessment

The toxicology of HMF has been well documented in the literature, as it is a
well-known breakdown product of sugars. HMF is present in many food stocks
(honeys, fruit juices, and caramels) (2, 3, 18) and pharmaceutical compounds
(heat sterilized invertose, glucose and fructose) (15). For example, it has been
identified in samples of morphine (16), and in infusion solutions (6). An in-
house toxicology assessment was performed to determine the acceptable human
exposure limits for HMF. The USP-NF daily dosage limit for HMF is 1 - 2.5 mg
per kg body weight (15), which was estimated from 100 mL of hexose parenteral
preparation (19). The lyophilization process robustness design of experiments
(within acceptable in-process control limits) was evaluated to determine the effect
of allowable changes of the process parameters on the formation of HMF (data
not shown). All drug product lots had comparable levels of HMF, indicating that
the lyophilization process was robust with respect to forming consistent levels
of HMF. The levels of HMF analyzed in clinical lots and validation lots, as well
as lots that were stored at recommended storage conditions, were found to be
approximately 3 orders of magnitude (103 = 0.001) below the recommended safety
limits established by the toxicology assessment which was 1 to 2.5 mg/day as
defined by United States Pharmacopeia–National Formulary (USP-NF). Stability
samples at recommended storage temperature and accelerated temperatures
were also assessed to determine the impact of temperature on the lyophilized
drug product and further formation of HMF. Under the recommended storage
temperature, the change in HMF was minimal over time. Under accelerated
stability conditions, there was a non-linear increase in HMF levels that plateaus
over time, and at the highest level the concentration of HMF found was 500-fold
below the recommended safety limit. The quantitative RP-HPLC method for
HMF that was developed was also used for the comparability testing required
for the clinical to production site change, and will be used for any future drug
product manufacturing or site changes.
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3. Analytical Impact of HMF to Quantitation of Drug Product

3.1. Quantification of DP Protein Concentration

As stated in section 2.3.1, the formulation buffer after lyophilization
contained an impurity which had absorbance at 280 nm This resulted in an
overestimate of about 5% in calculated protein concentration for those impacted
drug product lots. In order to remove HMF, and thus to obtain accurate values
of protein concentration, a quantitative RP-HPLC method was developed. This
proposed analytical solution led to activities which are outlined in Figure 6. First,
a RP-HPLC method developed for protein concentration must pass required
qualification and validation parameters, including demonstration of specificity to
ensure that the impurities are separated from the protein. Second, all in house
lots had to be re-analyzed using the new RP-HPLC method and the protein
concentrations had to be recalculated. This led to changes for the “Certificate of
Analysis” for these lots. Finally, the drug product specifications needed to be
updated to reflect the new RP-HPLC for analysis of protein concentration for the
release of the product (Figure 6).

Figure 6. Analytical solution diagram to address drug product protein
concentration issue.
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3.2. Improving Analytical Methods To Improve Production Efficiency

Figure 7. Schematic representation of the formulation and lyophilization process
for the drug product and protein concentration analysis.

Transitioning to the use of the new RP-HPLC method for determining protein
concentration in the process was another challenge that needed to be addressed.
An outline of the formulation and lyophilization process for the drug product, as
well as the analytical methodologies employed for concentration determination,
are shown in Figure 7. Briefly, drug product is formulated to the desired protein
concentration with the formulation buffer. An in-process direct UV-analysis
(sample tested directly with no chromatographic separation) was used on samples
upstream from the lyophilization step, since no HMF is present in the sample at
this point (see Figure 2). For samples post-lyophilization, the RP-HPLC method
was employed for protein concentration determination.

Figure 8. Schematic view of additional challenges in product analysis resulted in
longer process times.

The RP-HPLC method used for determining the protein concentration for
release was a long method (75 minute run per sample). The time to analyze
one sample was approximately 18 hours in order to complete the standard curve,
system suitability and assay acceptance injections. In order to implement this
RP-HPLC into the “in-process phase” of formulation for drug product production,
two instruments needed to be up and running - in case one went down - to ensure
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that sample analysis would complete with enough time to avoid impacting process
hold time excursions (Figure 8). Additional hold times were characterized, and the
process was validated to incorporate a “worst-case processing” to ensure that this
time would not impact product quality. To reduce possible process excursion risks,
as well as to meet method efficiency design goals, a faster RP-HPLC method was
developed and put in-line for testing these “in-process samples”. Implementation
of the faster method allowed adequate operational timing to provide for adherence
to the original process hold times.

Figure 9. RP-HPLC trace of protein lyophilized drug product. Using a) new
faster RP-HPLC method; b) overlay of new faster and original longer method,
notice in the new method the protein elutes before the matrix in the old method.

The new faster RP-HPLC method reduced sample run time from 75 minutes
to 7 minutes. Using the faster RP-HPLC method, the matrix (or impurities such as
HMF) could still be separated from active protein (Figure 9). In both the new and
old RP-HPLC methods, the matrix compounds elutes at the beginning of the run,
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and the protein elutes as a single peak at a retention time (Rt) of about 2 minutes
under the new conditions (Figure 9a, red line), and as a single peak at just over 35
minutes in the old method (Figure 9b, black line). Statistically the two methods
were found to be equivalent, yielding the equivalent protein concentration results;
therefore, there was no impact to product quality, and there is a positive impact
to the process by adding the faster RP-HPLC method to perform the in-process
testing. The faster RP-HPLC method proved useful, as it was less expensive due
the reduced analysis time, the columns were cheaper, and less mobile phase was
needed. A comparison of the original RP-HPLC method (black trace) and the
faster RP-HPLC method (red trace) shows the gain in efficiency (Figure 9). Using
this method, the processing time circumvented the addition of 24 H, required for
analysis with the old method, thus, there was a net production efficiency gain.

There was also consistent evaluation of the protein concentration throughout
the process, and at drug product release, thereby “centering” the process around
the target protein concentration.

Conclusion
In conclusion, we have the first reported example of the formation of

5-(hydroxylmethyl)-2-furfural (1) from sugars in our formulation buffer upon
lyophilization (freeze-drying). We have shown that the presence of this impurity
does not pose a health concern, as its overall content in the drug product units is
3-5 orders of magnitude below than the USP-daily dosage limits. Furthermore,
we have also demonstrated how one small molecule can influence multiple facets
of a therapeutic protein drug product development process - from the discovery
of the impurity to ultimately better control of protein concentration in the process.
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Appendix
Materials and Methods.
Determination of 1H- and 13C-NMR data for HMF impurity and

authentic HMF.High resolution 1D and 2D NMR spectroscopy was employed to
elucidate the structure of the compound isolated from placebo on a Bruker Avance
600 MHz spectrometer equipped with a 2.5 mm inverse broadband microprobe.
NMR samples were prepared using two different solvents, deuterium oxide
(D2O) and deuterated dimethylsulfoxide (DMSO-d6). Trimethylsilane (TMS) was
used as internal standard. The two solvents were used in order to differentiate
exchangeable and non-exchangable protons. 1D 1H NMR, 1D nuclear overhauser
effect (NOE), 2D 1H-13H heteronuclear single quantum correlation (HSQC)
and heteronuclear multiple bond correlation (HMBC) were recorded. All NMR
experiments were run at 22°C.
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Table 1A. NMR spectral data of the compound isolated from placebo in comparison to commercially available HMF in D2Oa

ID HMF (isolated) HMF (authentic) Spike
1H (δ, ppm) 13C (δ, ppm) 1H (δ, ppm) 13C (δ, ppm) 1H (δ, ppm)

2 - 161.2 - 161.4

3 6.55 110.9 6.44 110.8 6.55

(d, J = 3.6 Hz, 1H) (d, J = 3.6 Hz, 1H) (d, J = 3.6 Hz, 1H)

4 7.40 126.7 7.28 126.8 7.41

(d, J = 3.6 Hz, 1H) (d, J = 3.6 Hz, 1H) (d, J = 3.6 Hz, 1H)

5 - 151.8 - 151.6 -

6 4.57 56.0 4.47 56.0 4.57

(s, 2H) (s, 2H) (s, 2H)

Continued on next page.
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Table 1A. (Continued). NMR spectral data of the compound isolated from placebo in comparison to commercially available
HMF in D2Oa

ID HMF (isolated) HMF (authentic) Spike
1H (δ, ppm) 13C (δ, ppm) 1H (δ, ppm) 13C (δ, ppm) 1H (δ, ppm)

7 - - - - -

8 9.33 180.4 9.20 180.1 9.34

(s, 1H) (s, 1H) (s, 1H)
a 1H chemical shifts are referenced to HOD peak at 4.70 ppm. Integration, multiplicity and coupling constants are shown in parenthesis.
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Table 2A. NMR spectral data of the compound isolated from placebo in comparison to commercially available HMF in DMSO-d6a

ID HMF (isolated) HMF (authentic) Spike
1H (δ, ppm) 13C (δ, ppm) 1H (δ, ppm) 13C (δ, ppm) 1H (δ, ppm)

2 - 161.2 - 160.0

3 6.61 109.6 6.61 109.9 6.61

(d, J = 3.6 Hz, 1H) (d, J = 3.9 Hz, 1H) (d, J = 3.6 Hz, 1H)

4 7.51 124.4 7.51 124.9 7.51

(d, J = 3.6 Hz, 1H) (d, J = 3.9 Hz, 1H) (d, J = 3.6 Hz, 1H)

5 - 151.8 - 151.6 -

6 4.51 55.8 4.51 56.6 4.51

(s, 2H) (s, 2H) (s, 2H)

7 5.61 - 5.61 - 5.61

(br s, 1H) (t, 1H) (br s, 1H)

8 9.56 180.4 9.56 178.6 9.56

(s, 1H) (s, 1H) (s, 1H)
a Chemical shifts are reported in ppm and referenced to internal standard (TMS) at 0.00 ppm. Integration, multiplicity and coupling constants are shown in
parenthesis.
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Figure 1A. Superposition of HPLC trace of a) non-lyophilized formulation buffer;
b) lyophilized formulation buffer; c) lyophilized drug product. The appearance of

HMF impurity (Rt = 7 min) appears after lyophilization.
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Chapter 9

Reprogramming the Biosynthesis of Natural
Products by Directed Evolution

Gavin Williams,* Irina Koryakina, John McArthur,
Matthew Draelos, Shan Randal, and David Muddimanl

Department of Chemistry, Campus Box 8204,
North Carolina State University, Raleigh, North Carolina 27695-8204

* E-mail: gavin_williams@ncsu.edu. Phone: + 1 (919) 515-3562.
Fax: + 1 (919) 515-5079

Directed evolution is a powerful biochemical tool used to alter
the function and properties of enzymes. Modification of the
activity of key enzymes responsible for the biosynthesis of
complex, biologically active natural products may provide
routes to increase the diversity of natural products or
generate novel and more potent analogues. Here we describe
our combined efforts aimed to utilize and improve upon
combinatorial biosynthesis techniques to reprogram the
biosynthesis of polyketide natural products. We describe a
synthetic biology approach that uses directed enzyme evolution
to broaden the substrate specificities of enzymes used in natural
product biosynthesis. These engineered mutant enzymes will
be used to construct artificial biosynthetic pathways for the
synthesis and installation of a broad array of natural and
non-natural building blocks into polyketides.

1. Introduction

Natural products are secondary metabolites produced predominantly in
plants and microorganisms, and often display potent biological activities (1),
including anticancer, antimicrobial, and/or antiviral activity. Natural products are
an important source of drugs and drug scaffolds as a result of their broad and
potent activity. In fact 50% of all drugs are ultimately derived or inspired by
natural products (1).

© 2013 American Chemical Society
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The potent and broad biological activity of natural products is an evolutionary
adaptation brought about by their ability to recognize various biological targets,
and as such natural products are so called ‘privileged scaffolds’ (2). Natural
product scaffolds occupy a very unique chemical space, when compared to purely
synthetic molecules such as those produced through high-throughput synthetic
methods (3). Thus a key challenge becomes how to expand upon this impressive
chemical and biological diversity to make ‘non-natural’ analogues of natural
products, on a large enough scale, to identify new and potentially more active
analogues. Research in our lab seeks to expand the diversity of natural products
by harnessing the natural product’s own biosynthetic machinery.

Figure 1. Examples two of structurally diverse polyketide natural products with
broad and potent biological activities (1).

Polyketides are a large and structurally diverse class of natural products with
extensive and powerful biological activities (Figure 1). Surprisingly, in spite of
this tremendous structurally diversity, many polyketides are biosynthesized via
a common, elegant and efficient strategy by means of multi-domain enzymes
called polyketide synthases (PKSs) (4). PKSs catalyze the condensation of small
molecule building blocks referred to as starter units and extender units (Figure 2)
(5). The starter units (e.g. 1a-1d, Figure 2), are used to initiate the biosynthesis
of a polyketide scaffold, and the extender units (Figure 2) are used to extend
a growing polyketide chain. The polyketide building blocks are then added
one-by-one to furnish the complete scaffold. These scaffolds can then be further
modified by glycosylation, hydroxylation, methylation, etc.

Many PKSs are multi-modular (and multi-domain) enzyme complexes (4).
Each module selects and incorporates a designated small molecule building block
into its polyketide structure. Eachmodule has several enzymatic domains and each
domain has a specific function, such as acyl transferase (AT), acyl carrier protein
(ACP), keto synthase (KS), keto reductase (KR), or thioesterase (TE), amongst
others (4).
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Figure 2. Summary of natural starter units (1a-1d) and natural (2a-2d)
and non-natural (4a-4f) extender units activated as the CoA thioesters and
non-standard extender units activated with an acyl carrier protein thioester

(ACP, 3a-3d) as substrate for PKSs.

The contribution that extender unit building blocks make to polyketide
structure are highlighted in Figure 3, which shows the contribution from a side
chain’s carbon 2 (C2) of a derivatized malonyl-Coenzyme A (malonyl-CoA, 2a)
extender unit (Figure 2). In general, there is a limited selection of extender units
that are available to PKSs in the natural extender unit pool (Figure 2) (4, 5).
The most common include malonyl-CoA (2a), methylmalonyl-CoA (2b), and
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ethylmalonyl-CoA (2c) (Figure 2). Non-standard extender units are also available
to PKSs in the natural pool, but they are attached to an acyl carrier protein
(ACP) , instead of CoA, as their respective thioesters (6). These non-standard
ACP thioesters include methoxymalonyl-ACP (3a), hydroxylmalonyl-ACP
(3b), allylmalonyl-ACP (3c), and aminomalonyl-ACP (3d) (6). As mentioned
previously, the carrier protein is part of the polyketide biosynthetic apparatus.
Additional extender units are available such as choroethylmalonyl-CoA and
hexylmalonyl-CoA, however, these originate from more specialized pathways
(7). For the generation of non-standard extender units, polyketide producing
organisms typically provide only two or three of these specialized pathways.
Consequently, PKSs have available only a modest choice of extender units,
limiting the side chain diversity seen in many polyketide natural products.
Thus we aimed to (a) introduce a larger non-natural pool of extender units not
previously available in natural biosynthetic systems, (b) introduce this non-natural
chemical functionality into polyketides using their own biosynthetic machinery,
and (c) engineer modified PKSs with broad extender unit specificity for the
regioselective installation of these non-natural functionalities into a growing
polyketide.

Figure 3. Extender unit contribution (blue) to the overall structure of some
selected polyketide natural products. The aim is to modify polyketide biosynthesis
to produce analogues regioselectively modified with non-natural functionality

at these highlighted positions.
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Figure 4. Elongation process for the biosynthesis of a polyketide (PK). (1-2)
AT domain recognizes and attaches an acyl-CoA substrate onto the AT domain
(red) of PKS module n, then transfers the acyl group onto the ACP domain. (3)
The newly added malonyl derivative is decarboxylated and undergoes Claisen
condensation with the ketide unit(s) in the KS domain, elongating the PK chain
and releasing carbon dioxide (CO2). (4) The KS domain of the neighboring
module n+1 picks up the growing PK chain from the ACP. (5) Entire process

begins again on for a new building block (grey module).
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Figure 5. Erythromycin and its PKS. (a) Erythromycin PKS and limited
natural pool of extender units. Erythromycin PKS is make up of three separate
polypeptide chains, comprising six ‘extender’ modules in sequence. (b)
Erythronolide B aglycon precursor of erythromycin (Figure 1). Analogues
made by genetic modification to the erythromycin PKS AT-domain have only
conservative substitutions. Color code: AT domains colored (blue or orange,
a) match corresponding conservative modification in the natural product by

color (blue or orange, b) (9–11).

Acyltransferase (AT) domains are the ‘gatekeeper’ domains within the PKS
module, and they are responsible for recognizing and selecting the extender unit
in the producing microorganism (4). The AT domain selects and then attaches
the extender unit to an acyl carrier protein (ACP) of the same module (Figure 4).
In a PKS, KS domains are responsible for catalyzing carbon-carbon formation
within growing polyketides. Emerging research suggests that unlike AT domains,
KS domains are promiscuous with respect to processing extender units that are
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not naturally provided by the producing organism (8). Although the variety
of extender units explored had only conservative changes, compared to those
naturally accepted. With respect to AT domains, genetic substitution with AT
domains of different specificity has been achieved, albeit with reduced yields
(9–11). As each AT domain is responsible for the introduction of a single ketide
unit, further extending the AT domain substrate scope by altering AT specificity
was thought to provide a regioselective route to alter side chains of a polyketide.
The general idea is referred to as combinatorial biosynthesis, which in some
respects is still in its infancy.

Consider the PKS responsible for the biosynthesis of 6-deoxyerythronolide
B (the precursor to erythromycin, Figure 5). Erythromycin PKS contains six
modules that are distributed across three separate polypeptides with a total of
seven AT domains. In this particular case the PKS produces the erythromycin
scaffold, 6-deoxy-erythronolide B (Figure 5). Genetic substitution of the AT
domains with AT domains from other polyketide pathways took advantage of
the co-linearity in organization of the erythromycin PKS domain and the final
erythronolide structure (Figure 5) (9–11). This genetic modification of the
erythromycin PKS enzyme provided modest promiscuity, such that the PKS
could recognize 2a-2c (Figure 2 and Figure 5) (9–11). Although successful, such
genetic experiments are not efficient, not only because genetic substitution of AT
domains is inherently difficult (due to imprecise AT boundary selection and/or
improper protein:protein interactions), but also because such studies rely on in
vivo extender units (which are inherently limited).

In an effort to make more significant changes in resulting polyketide structure
we sought to expand and extend upon the extender unit building block pool to
provide a large array of non-natural extender units for use by PKSs. For example,
extender units with appended azides (N3) or alkynes (4a-4f, Figure 2). In addition
to providing diversity, these particular functional groups provide the potential for
subsequent downstream chemical ligation chemistry. Thus the structural changes
afforded by expanding the extender unit pool are potentially much greater than
then those provided by genetic modification of the AT domain alone.

2. Results and Discussion
2.1. Overview of Synthetic Biology Philosophy for Polyketide Modification

An overview of the synthetic biology behind this research is shown in Figure
6. Not only do non-natural building blocks need to be supplied to PKSs, but
also a method must be generated to incorporate these extender units into growing
polyketides using highly permissive PKSs or accessory enzymes. To generate the
non-natural acyl-CoAs in vitro, a series of non-natural malonate diacids building
blocks will be fed to growing bacterial cultures. These non-natural diacids freely
diffuse into the microbial cell, and are activated as their acyl-CoA thioesters via a
suitable promiscuous synthetase (Figure 6) (12). We recenty completed a program
of directed enzyme evolution to create a highly promiscuous acyl-CoA synthetase
for the synthesis of a broad array of tailor-made extender units (acyl-CoAs) to
be later installed into growing polyketides (Figure 6). With this broad panel of
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non-natural extender units in hand we moved onto the next challenge to probe
the promiscuity of several PKS systems, to identify naturally occurring PKSs that
would process these non-natural building blocks.

It is possible that naturally occurring AT domains of PKSs cannot process
our library of non-natural building blocks, thus a novel approach is proposed
employing PKS machinery called trans-acyl transferases (trans-ATs) that are
found in so-called “AT-less PKSs” (PKSs that lack AT domains). Such trans-ATs
are not embedded within a PKS module as with canonical PKS machinery,
rather they are freestanding enzymes that act in trans with a cognate ACP and
replace the cis-AT usually found within a PKS module (13, 14). As trans-ATs
are exogenous these enzymes could more easily traverse distinctive biosynthetic
systems, as compared to their cis counterparts, and thus are interesting from a
combinatorial biosynthesis perspective. Directed enzyme evolution can then
be employed to shift the specificity of a PKS AT-domain, cis or trans, toward
non-natural extender units (Figure 6).

2.2. Engineering a Promiscuous Acyl-CoA Synthetase To Process
Non-Natural Extender Unit Diacids

The acyl-CoA synthetase MatB from Rhizobium trifolii was used as a
template for engineering an enzyme for the generation of a library of non-natural
acyl-CoAs (12). Wild-type R. trifolii MatB displays moderate promiscuity to
non-natural extender units (12), thus it is an ideal starting point for engineering.
In addition, an X-ray crystal structure of a MatB homologue from Streptomyces
coelicolor had been solved (15). We used the structure to guide a semi-rationale
random mutagenesis strategy to provide libraries of enzyme variants. This
strategy required the development of a high-throughput screen (HTS) to identify,
from large libraries of mutants, which mutants shifted MatB extender unit
specificity or activity. The logic behind this HTS is shown in Figure 7. In the
enzymatic reaction under study MatB catalyses the reaction of the CoA thiol
with the corresponding diacid to generate a thioester. The residual concentration
of unreacted CoA thiol could then be determined using Ellman’s reagent – a
well-known thiol sensor – that reacts with thiols forming a UV active species that
is monitored at 420 nm (12, 16, 17). The amount of unreacted CoA thiol that
subsequently reacts with Ellman’s reagent is determined by UV/Vis spectroscopy.
A decrease in the absorbance at 420 nm is expected as CoA is consumed in the
CoA ligase reaction.

Saturation libraries of several hundred MatB random mutants were generated
inEscherichia coli (E. coli) colonies over-expressing theMatBmutants (12). After
production in microtiter plates, the cells were lysed, and thiol CoA consumption
was monitored with Ellman’s reagent. Two residues, identified from the crystal
structure of the MatB homologous enzyme (15), were ultimately confirmed to be
intimately involved in 2b specificity. These residues were threonine 207 (Thr207)
and methionine 306 (Met306) (12). In this initial screen only 2b and 4c building
blocks were used, as the former is the natural substrate of wild type (wt) MatB,
and 4c represents a very poor substrate for wtMatB.

154

D
ow

nl
oa

de
d 

by
 U

N
IV

 O
F 

SY
D

N
E

Y
 o

n 
M

ar
ch

 1
0,

 2
01

3 
| h

ttp
://

pu
bs

.a
cs

.o
rg

 
 P

ub
lic

at
io

n 
D

at
e 

(W
eb

):
 M

ar
ch

 8
, 2

01
3 

| d
oi

: 1
0.

10
21

/b
k-

20
13

-1
12

5.
ch

00
9

In Developments in Biotechnology and Bioprocessing; Kantardjieff, A., et al.; 
ACS Symposium Series; American Chemical Society: Washington, DC, 2013. 



Figure 6. Overview of the synthetic biology approach proposed for polyketide
diversification. (a) Diffusion or protein-assisted transport of select diacids across
the bacterial cell wall and CoA-activation catalyzed by promiscuous acyl-CoA
synthetases provided a library of non-natural extender units. (b) Feeding the

non-natural extender units to a PKS in a bacterial cell over-expressing exogenous
trans-ATs provides the acylated PKS. PKSs carrying non-natural extender unit

could then be used to generate regioselectively modified polyketides.

A larger panel of ‘non-natural’ diacids were then screened against a selection
of active mutants from the T207X and M306X library, as well as a select set
of double mutants (T207X/M306X) that were purified to homogeneity and
characterized using a robust HPLC-based assay (12). The results are shown in
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the 3D plot shown in Figure 8, with specificity constant (kcat/Km) as a function of
mutant and building block diacid used. On the x-axis are the ten diacid building
blocks screened against the mutant enzyme screened on the y-axis. The activities
of all the mutants were compared to the wtMatB enzyme. As demonstrated in the
table, the double mutants were more promiscuous, in terms of enzyme activity, in
comparison to the single mutants. As mentioned previously, wtMatB does display
weak promiscuity toward several building blocks, but it does not utilize five of
the non-natural extender units (Figure 8). Further, some of the single mutants
display significant changes in specificity such that they turnover one or two more
non-natural extender units with several hundred-fold shifts in specificity away
from the natural 2b analogue. The double mutant T207G/M306I was the most
promiscuous mutant and was able to utilize every member of the non-natural
extender unit diacid panel (12).

Figure 7. Assay used to screen acyl-CoA synthetase activity. (a) Reaction
catalyzed by malonyl-CoA synthetase. (b) Ellman’s reagent based microtiter

plate assay to screen random mutant MatB activity (12).
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Figure 8. Assay of ‘non-natural’ diacids against a selection of active MatB
mutants from the T207X and M306X library and T207X/M306X double mutant
purified to homogeneity and characterized. (a) Activity-based assay to determine
specificity (kcat/Km). (b) HPLC-based assay to verify synthetic conversion (12).

To illustrate the synthetic utility of the T207G/M306I double mutant
MatB enzyme (Figure 8a, yellow bars) in vitro we incubated it (along with
the wtMatB enzyme as a control) with the entire panel of non-natural extender
units for 3h and analyzed the product mixture by high-performance liquid
chromatography (HPLC, Figure 8b). The results show that wtMatB does not
produce the corresponding acyl-CoAs with isopropylmalonate, ethylmalonate,
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and phenylmalonate non-natural extender building blocks (Figure 8b). In contrast,
the T207G/M306I double mutant MatB produces product with all the non-natural
malonate diacids studied, as revealed by the corresponding peaks in the HPLC
traces (Figure 8b). This data shows that the MatB mutant T207G/M306I can be
used to access non-natural polyketide synthetase building blocks. The observation
that these double mutant MatB enzymes are significantly less active toward
2a and 2b suggest the mutant enzymes are orthogonally selective toward the
non-natural building blocks versus the wtMatB substrates. The results hint to the
possibility that a non-natural polyketide can be built up in vivo in a microbial
host over-expressing the mutant MatB enzyme by feeding it these non-natural
building blocks. Finally, the result demonstrates the synthetic potential as part of
our overall synthetic biology platform (Figure 6) (12).

2.3. A trans-AT Can Incorporate Non-Natural Extender Units onto a PKS

The chemo-enzymatic possibilities provided by the mutant MatB enzyme and
novel building blocks led us to investigate a way to install and/or process these new
building blocks into PKS systems. To do this, trans-AT systems were initially
investigated. Recall trans-AT enzymes take the acyl group of an acyl-CoA and
transfer it to a cognate ACP domain within a PKS module that lacks its own
embedded (cis)-AT (13, 14). Specifically, we focused on three well-known model
trans-ATs. Prior to this work, trans-ATs have only been probed with a small
set of extender units that include 2a-2c, and the previous studies revealed that
each trans-AT utilizes only a single extender unit. Stringent trans-ATs include
Sorangium cellulosum disorazole synthase (DSZS) and S. coelicolor fatty acid/
polyketide biosynthesis enzyme MCAT; as their natural function is just to transfer
2a onto a PKS (18, 19). The DSZS and MCAT producers have extender units
with larger side chains available to them within the cell, but don’t use them due to
this presumed high selectivity. Another trans-AT, KirCII, involved in kirromycin
biosynthesis is known to transfer an extender unit with a relatively large side chain,
2c (20), and we hypothesized it would be promiscuous to other malonyl side chains
for several reasons. First, it is known that KirCII discriminates against smaller
side chains than 2c (e.g. Me and H), otherwise kirromycin analogues with these
modifications would be known. Second, the kirromycin producer does not have
available to it extender units with side-chains larger than ethyl. Consequently,
KirCII was likely never under evolutionary pressure to discriminate against other
larger acyl-CoAs.

The acyl-CoA promiscuity of KirCII, MCAT and DSZS with the non-natural
extender units was probed. To do this the excised acyl carrier proteins (ACPs)
were provided and the corresponding acylated ACP was detected by mass
spectrometry (MS). A Thermo Fisher™ Fourier Transform Ion Cyclotron
Resonance (FT-ICR) mass spectrometer equipped with a 7 Tesla magnet was
used to acquire spectra of intact proteins and reacted proteins using liquid
chromatography-MS (LC-MS) at 50,000 resolving power. FT-ICR and LC-MS
were used to detect ACP, using DSZS, MCAT or KirCII as the trans-AT. In the
example shown (Figure 9) the charge state distribution for the ethylmalonyl-ACP
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(Ethyl-ACP6) was detected. Employing a higher resolving power the 12+
charge state was resolved showing the expected 13C-isotopic distribution. As the
molecular formula of the product can be calculated experimentally (Ethyl-ACP6
MWcalc = 11736.77 amu), as well as the natural abundances of different isotopes
(Figure 9), the experimental 13C isotopic distribution of Ethyl-ACP6 for the 12+
charge state can be fit the theoretical distribution (Ethyl-ACP6MWexpt = 11736.77
amu). Thus the monoisotopic mass can be determined. The monoisotopic mass
is calculated using the exact mass of the most abundant isotope of each element
in the molecule and is well-defined allowing greater confidence in protein
assignments. As shown in Figure 10 the experimental mass for the 12+ charge
state (m/z) matches the calculated mass, confirming that ethyl-ACP6 was formed.
Negative control reactions were carried out in parallel that lack the trans-AT
to establish that ACP acylation is completely dependent on the presence of the
trans-AT enzyme. The areas under the MS curve were used to calculate the
percent acylation or conversion (Figure 9) (21).

Not surprisingly, the highly stringent trans-ATs MCAT and DSZS were very
active toward 2b (100% conversion) and displayed only trace activity towards
2c and 4f (1% and 2% conversion, respectively). In contrast, acylation of the
ACP in the presence of KirCII was very active toward 2c (natural substrate) as
well as 4a, 4b, 4c, and 4f extender units (16%, 52%, 100%, 10% conversion,
respectively). This is the first example of a poly-specific trans-AT that displays
activity toward non-natural extender units. Taken together the results offer a
novel potential strategy to incorporate diversity into polyketides biosynthetically,
without chemical synthesis, by harnessing trans-AT promiscuity efficiently (21).

2.4. Can PKSs Process Non-Natural Acyl-CoAs?

In a final step, the specificity of a complete PKS module was studied
employing a well-known assay based on the terminal module and thioesterase
domain (TE) of the erythronolide B synthase (DEBS) called Mod6TE (15).
The S-N-acetylcysteamine ester (5), a diketide mimic of the natural module 6
substrate, was provided to Mod6TE. S-N-acetylcysteamine is an electrophile
that mimics what would normally be provided as an ACP-linked thioester by
the preceding DEBS module (Figure 10). With this substrate mimic in hand
the promiscuity of the complete module was screened with the entire panel of
non-natural acyl-CoA extender units generated using our optimized mutant MatB
(Figure 2, Figure 10). The formation of the expected triketide lactone was then
monitored by high-performance liquid chromatography (HPLC) and LC-MS. The
results (not shown) confirmed that this Mod6TE (as part of an entire erythromycin
PKS) was able to utilize, as expected, 2b and 2c and it also turned over 4a, 4b, 4c,
and 4e (data not shown) (21). Again the azido and propargyl functional groups
can be further utilized for chemoselective ligation. The results hint that the AT
domains - responsible for extender unit selection - and more importantly the KS
domains that actually catalyze carbon-carbon bond formation can utilize a diverse
array of non-natural extender units (21).
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Figure 9. FT-ICR MS spectra used to detect acylated CP using DSZS, MCAT
or KirCII (15). The ACPs require post-translational modification with

phosphopantetheine; Apo = non-modified, holo = modified. Note calculated mass
Ethyl-ACP6 =11,736.77, mass/charge ratio (m/z) = 11,736.77/(12+ charge state)
= 979.716. (a) FT-ICR MS spectra of Ethyl-ACP6, comparison of calculated
versus experimentally determined MS. (b) Comparison of MS spectra obtained
for the acylation of a CP in the presence of 2c and KirCII and its negative control
without KirCII. (c) Spectral comparison used to determine % conversion (21).
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Figure 10. Scheme for the S-N-acetylcysteamine ester (5) and Mod6TE-based
assay to screen for non-natural extender unit PKS incorporation. Formation of
the corresponding triketide lactone with the incorporated non-natural extender

unit can be monitored by HPLC, LC-MS or MS for quantification (21).

3. Conclusion
A robust mutant MatB synthetase was developed and utilized to provide

a library of ten natural and non-natural extender unit acyl-CoAs. This library
was in turn used to probe the promiscuity of several PKS systems, including the
trans-ATs DSZS, MCAT and KirCII, and an intact PKS module. The results
revealed significant promiscuity in the erythromycin PKS system toward extender
units that are not found in natural systems and led to the discovery of the first
polyspecific trans-AT, KirCII. These two discoveries imply this novel promiscuity
could potentially be harnessed for the regioselective modification of polyketides.
Thus directed evolution aimed to shift the specificity of acyl transferases (ATs)
and trans-ATs towards certain sets of extender units may provide non-natural
polyketide analogues.
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Chapter 10

Image Analysis Method for Evaluating
Heterogeneous Growth and Differentiation of

Embryonic Stem Cell Cultures
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Embryonic stem cells (ESCs) not only have the ability to readily
proliferate in culture, but also the potential to differentiate into
all adult cell types and as such they are emerging as a promising
cell source for tissue engineering applications. The spatial
arrangement and temporal evolution of ESCs in laboratory
cultures can be complex and often leads to heterogeneous cell
densities and viabilities. This spatial heterogeneity influences
factors such as mass transfer, creating nutrient gradients within
the culture medium, which may in turn lead to variations in
cell growth, viability, and differentiation. Methods which are
available to accurately assess cell pluripotency (or lack thereof)
include fixing and staining cells with antibodies for flow
cytometry or immunocytochemistry, but these methods render
the cells useless for further applications. The present research
focuses on optimization of a novel non-invasive alternative tool
to assess ESC colony pluripotency using fractal analysis. Here,
we report preliminary results on the use of this image analysis
technique to index cell growth and differentiation in human
and mouse ESCs in static dishes to determine changes in the
heterogeneity and complexity of a proliferating cell culture.

© 2013 American Chemical Society
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1. Introduction

Embryonic stem cells (ESCs) are derived from the inner cell mass of
a fertilized embryo at the blastocyst stage (1, 2). In contrast to somatic or
specialized adult cells that suffer from limited proliferation capabilities, ESCs
divide almost indefinitely and retain the ability to differentiate into all adult cell
types - including those cells that do not naturally regenerate. These pluripotent
and self-regenerative behaviors have made ESCs an attractive cell source for
potential use in regenerative medicine (3) to treat degenerative diseases and in
tissue engineering (4).

Tissue engineering, or tissue replacement therapy, is a process whereby tissue
constructs, in this case generated from ESCs, could be used to regenerate and thus
restore function to dead or damaged tissues. Tissue engineering or replacement
has been implicated as a the treatment for diseases such as osteoarthritis (5),
osteoporosis (6), Parkinson’s disease (by transplantation with regenerated
dopaminergic neurons) (3), or to regenerate injured or damaged tissues such as
those sustained in spinal cord damage (7). However, to study potential therapeutic
uses, clinically relevant numbers of ESCs must be generated, and this is estimated
to be in the of billions to tens of billions of cells (8). A general procedure is
used for the expansion of different ESC lines on a clinically relevant scale, and
starts with static tissue cultures (5 mL) of ESCs that are aliquoted (passaged)
into smaller scale suspension bioreactors (100 mL), allowed to proliferate as
aggregates of cells, and subsequently passaged into another larger computer
controlled bioreactor (> 1L) (3, 9–12). In comparison to traditional static culture
flasks, this ESC expansion procedure in large bioreactors results in improved
cell proliferation. This is because large bioreactors eliminate many problems
associated with limited growth surface area seen in tissue culture flasks as well
as aiding in efficient nutrient transfer to the cells through continuous mixing
(11). Further, large bioreactors eliminate the need to manage hundreds of tissue
culture flasks at each passage. With continued research and improvement of
suspension-based cell expansion technology, new culture protocols are developed
and at each step and proliferated cell batches must be compared to the parent static
control culture; always under the assumption that static cultures are standardized,
which is not necessarily the case (3, 9–12).

Quality control (QC) data to determine the health and viability of a growing
cell culture typically includes live (viable) and dead cell counts and analysis of
specific proteins (referred to as markers) linked to the pluripotent nature of the
cells (3, 10, 11). An example of a plot of the viable cell density and viability as
a function of time for a static culture of mouse ESC (mESC) line D3 is shown
in Figure 1. In these particular assays viable cell number and viability were
determined at specific time intervals over one passage. In addition to cell viability
assays, ESCs from the culture can also be harvested and fixed and stained for
immunocytochemistry or flow cytometry to show expression of specific ESC
markers, such as the transcription factor Oct4, or early differentiation markers,
such as α-fetoprotein (Table 1) (10, 13–22). These analytical tools although
useful, require significant processing, large quantities of cells, take long time
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frames to run (hindering real time monitoring), and ultimately result in cell
destruction (13). As such, the majority of day-to-day static culture is carried out
and monitored via morphological analysis.

Table 1. Standard markers of pluripotency and early differentiation for
mouse and human ESCs (13–22)

Pluripotency marker Early differentiation markers

Intracellular Surface Endoderm Ectoderm Mesoderm

Human Oct4 SSEA3 α-fetopro-
tein

β-III-
tubulin

Actin

Nanog SSEA4

Sox2 TRA-1-60

TRA-1-81

Mouse Oct4 SSEA1 Sox17 Sox1 Brachyury

Nanog Foxa2

Sox2

Analysis of culture morphology is a way to track a growing culture of ESCs
without destruction of the cells (13). Qualitative analysis of pictures or time lapsed
videos of growing colonies under a microscope reveals a great deal of information
about the health of a culture as it is based on shape of the colonies themselves
(Figure 1). Unfortunately, morphological evaluation is subjective, as it is based on
an observation of the heterogeneity within cell cultures. As a subjective process
properly trained individuals are able to assess culture health, and whether stem
cells have started to undergo differentiation based on cell shape and orientation
within the cultures. However, training and experience are variables that result in
widely differing opinions onwhat a “healthy” (i.e. viable, undifferentiated) culture
should in fact look like. Thus the question becomes: how to take the subjectivity
and guesswork out this qualitative morphological evaluation?

The goal of the present research was to develop a robust, repeatable, and
reliable method to assign numerical values to cell culture morphology analysis.
If a numerical value could be assigned it would allow for quantitative assessment,
rather than a qualitative assessment, of cell cultures. To do this we sought to apply
the principle of fractal geometry and fractal shapes to growing cell cultures.
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Figure 1. Standard culture data for mESC line D3 cells in static batch 2D
cultures. (a) Plot of viable cell density (▪, 105 cells/cm2) and viability(•, %) as a
function of time (days). (b) Time-lapsed images of a growing culture showing

random heterogeneous growth of cell colonies.

2. Material and Methods

Unless otherwise stated, all cell handling procedures were conducted in a
sterile laminar flow hood using aseptic techniques. All cell cultures were incubated
in standard conditions (100% humidity, 37°C and 5% CO2).

2.1. Mouse ESC Culture

For all mouse ESC cultures, the D3 line was utilized (ATCC, Rockville, MD).
Standard mouse ESC maintenance medium consisting of Dulbecco’s Modified
Eagle Medium (DMEM, Invitrogen) supplemented with 15% fetal bovine serum
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(FBS, Invitrogen), 1% non-essential amino acids (NEAA, Invitrogen), 0.2%
β-mercaptoethanol (Invitrogen) and 1% penicillin/streptomycin (Pen/Strep,
Invitrogen) was used. Mouse ESC cultures were grown in gelatinized 6-well
plates (BD Falcon) containing maintenance medium supplemented with 1000
U/mL Leukemia inhibitory factor (106U LIF, ESGRO®, EMD Millipore) and
passaged with 0.25% trypsin (Invitrogen) every 4 days or when they were judged
to be approximately 80% confluent.

2.2. Human ESC Culture

The human ESC line H1 (WiCell Research Institute) was maintained on
Matrigel (BD Biosciences) coated 35 mm or 60 mm dishes (Nunc) in complete
mTeSR1 medium (StemCell Technologies) following manufacturers protocols.
Cultures were passaged as small clumps via Dispase (1 mg/mL) (StemCell
Technologies) every 5 days or when they were judged to be approximately 70%
confluent.

2.3. Human ESC Differentiation via Embryoid Body Formation

Human ESCs were aggregated in agar coated 60 mm dishes (Nunc) in
differentiation medium consisting of DMEM (Invitrogen), 10% FBS (Invitrogen),
1% non-essential amino acids (NEAA, Invitrogen), 0.1mM β-mercaptoethanol
(Invitrogen) and 1% penicillin/streptomycin (Pen/Strep, Invitrogen). The
embryoid bodies were transferred on Day 4 onto gelatin coated 4-well plates
(Nunc) to allow attachment and further spontaneous differentiation over an
additional 10 days. Medium was replaced daily.

2.4. Cell Counts

To monitor growth of mouse ESCs, two wells of a 6 well plate were harvested
by dissociating the cell colonies with 1 mL/well of 0.25% trypsin for 10 minutes.
Medium containing FBS was added at 1 mL/well to inactivate the trypsin after
10 minutes and two 100 μL samples were taken from each well to determine
cell numbers and viability using a hemocytometer and the trypan blue exclusion
method. Human ESC cultures were dissociated from 35 mm plates using 0.25%
trypsin in a similar manner, however only one 35 mm dish was harvested and two
samples of 100 μL counted.

2.5. Immunocytochemistry of Human ESCs

For assessment of specific marker expression for both pluripotency and early
differentiation the following protocol was used. Cell cultures were fixed with
4% paraformaldehyde then permeated with 0.1% Triton-X 100 (in PBS) and
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incubated with PBS containing 10% FBS. For pluripotent cultures, the primary
antibody used was anti-Oct4 (Santa Cruz) at the recommended dilution of
1:100. For differentiating cultures, markers against β-III-tubulin (ectoderm) and
α-fetoprotein (endoderm) (1:400 dilution, Sigma Aldrich) were used. Primary
antibodies were added to cultures and stored at 4°C overnight. After washing,
an appropriate secondary antibody (in this case, Alexa Fluor 546 got anti-mouse,
1:200 dilution, Invitrogen) was added to each culture for 2 hours at room
temperature.

2.6. Image Generation and Fractal Dimensions

Greyscale images of mouse ESC cultures were captured on a Zeiss Axiovert
200M microscope. Greyscale and fluorescent human ESC culture images were
captured using a Zeiss LSM 510 confocal microscope. Conversion of all images
to binary format was carried out via the “make binary” command within the free
ImageJ (version 1.46) software from NIH (23). The open source plug in FracLac
(version 2.5) for ImageJ was then used to determine the fractal dimension of the
binary images using the box counting method command (24).

Figure 2. Benoit fractal set showing self-similarity at increasing magnifications
(35). Notice the repeating self-similar simple shape that is revealed at increased

magnification.

3. Results and Discussion

3.1. Fractal Geometry

Fractal geometry has been used to describe patterns in natural occurring
objects from fern leaves to collagen fibers (25–28). As a tool to analyze shapes,
fractal geometry more accurately describes naturally occurring objects than
traditional Euclidian geometry (27). Fractal shapes are patterns that repeat at
increasingly finer or coarser resolution, thus patterns are self-similar, repetitive,
and reveal greater detail as they are enlarged (Figure 2) (27). Application of
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the principles of fractal geometry to growing cell cultures may assign order to
seemingly random structures (29–34). Objects that exhibit fractal geometry
are referred to as fractals with an associated fractal dimension (27). A fractal
dimension is a non-integer or an integer ratio that indicates the statistical degree
of complexity of a shape or how a shape fills the space it occupies; and how the
detail is impacted by scale. Briefly, for a two-dimensional object, if Euclidean,
the area of the object scales with the length scale of the object to the power 2,
for example, for a square, its area A = l2 where l is the length of the square edge.
For a fractal object, the area may scale with a length scale to a fractal dimension
between the limits 1 and 2, where 1 can be thought of as a straight line and 2
indicates an object is filling the area. The higher the fractal dimension, the more
space filling is the object. Thus by assignment of a fractal dimension value to
an object, the result is a systematic method to describe, predict, and simulate the
object’s heterogeneity and complexity.

3.2. Determining a Fractal Dimension

The most straightforward method to determine the fractal dimension of a two-
dimensional (2D) image is using the box counting method (27). In this technique,
a 2D image of an object of interest (in this case a cell culture) is gridded at length
scale d (27). A count of the number of boxes (N) necessary to cover the objects
in the image or those that filled by the image of interest (in this case cell colonies)
in the entire grid is performed (Figure 3). This process is repeated for several
iterations over a range of grid sizes (smaller or larger, d) that are changed by a
constant factor (in this case a factor of 2, Figure 3). A plot of the number of filled
boxes versus the size of the boxes is plotted (Figure 3). A plot of the logarithm
of N versus the logarithm of d provides a relationship between the size of the grid
and the number of cell colonies in the grid (Figure 4). The fractal dimension is
derived from the slope of that line.

Application of the box counting method to estimate the fractal dimension of
D3 mouse ESCs at 74.5 hours is shown in Figure 3, a grid scale from 200 μm to 25
μm was used. The results from box counting of this one cell photograph plotted
on a logarithm scale gave a straight line, suggesting a fractal relationship (Figure
3). In the case shown the fractal dimension was calculated to be 1.68. As this is
a 2D image, the fractal dimension is expected to be between 1 and 2, because the
cells do not fill the area completely (there are barren regions).

3.3. Automation of the Box Counting Method

Fractal analysis and box-counting can be automated with computer software
programs. Automation reduces error associated with manual box counting,
increases output, and allows for faster analysis of images over one entire growth
curve. The free National Institute of Health (NIH) software FracLac (24) from
ImageJ (23) can be used to determine fractal dimensions of binary images. Binary
images, digital images with only two possible numbers associated with a pixel
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one number for background and another number for foreground (for example
white and black), are needed to use the FracLac software. For example, cell
colonies can be assigned black and background can be assigned white, in a black
and white image.

Figure 3. Illustration of the box counting method for the determination of a
fractal dimension for mouse ESC line D3 at 74.5 hours. (a) The original grey
scale photo was (b) gridded to N = 33, d = 200 μm then gridded further (c)
to N= 111, d = 100 μm then gridded further (d) N = 418, d = 50 μm and then
further (e) N = 1532, d = 25 μm. (not shown, N=3044, d=12.5 μm) (f) A plot of
the number of filled boxes (N) for each box size (d) was plotted to provide the

relationship between cells and size of boxes.

Prior to running additional experiments, we confirmed that ESC colonies of
pluripotent cells grow in a fractal manner. To do this images of human H1 ESCs
in static 2D cultures were taken at specific time points (24, 48, 72, 96, 120 and
144 h), the images were investigated at increasing magnifications (10x, 20x and
40x), and the fractal analysis was carried out to calculate a fractal dimension at
each time point. Recall that fractals are repeating patterns, and a principle of the
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fractal geometry is that at higher magnification more self-similar fractal patterns
appear (27). To prove a shape is a true fractal shape mathematically, and thus a
fractal dimension, it should remain constant at all magnification levels. As the
fractal dimension calculated at each magnification was essentially the same, the
results suggested that human ESCs for the most part grew in a self-similar way
(Figure 5). The fractal dimension was calculated to be 1.85 after 48 hours (Figure
5). The result confirms that the cells appear to be growing according to a fractal
power law (27).

Figure 4. Plot of the logarithm of N as a function of the logarithm of d. Log
N-log d plot gives a straight line that has an equation of y = -1.68 x + 5.43, R² =
0.98992. The slope of the line gives the fractal dimension, which in this case is

1.68 for mouse ESCs line D3 at 74.5 hours.

Once a fractal relationship was confirmed the next step was to investigate if
there was a correlation between cell number and fractal dimension. To do this,
cell counts and images of ESCs were taken during growth at specific time points
(24, 48, 72, and 96 h) and the number of cell colonies were counted and analyzed
by FracLac (24). The results are shown in Figure 5 for human ESCs and Figure 6
for mouse ESCs. Surprisingly, the relationship was linear rather than exponential,
and leveled off at a fractal dimension of 1.85 for human and 1.8 for mouse. Thus
a similar trend of leveling off the fractal dimension was observed in both human
(Figure 5) and mouse (Figure 6) ESC growth, despite the significant differences
in their respective culture morphologies.

The plateau in the growth of pluripotent ESCs (non-differentiated) may hint to
a possible relationship between a change in fractal dimension and a change in the
ESC’s pluripotent state. Recalling Figure 5 and 6, we see that the plateau in fractal
dimension is approached as the cells enter into the exponential growth phase, at
48 hours. At this point there is still space for cells to grow on the culture plate,
which indicates that the plateau of fractal dimension is not related to cell number
or culture saturation (confluence). Rather, we suggest that as the cells enter into
their exponential growth phase they tend to grow in a more uniform manner, as
evidenced by a consistent fractal dimension over time.
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Figure 5. Fractal dimensions and viable cell density as a function of time or
different image magnifications for human H1 ESCs.. (a) Fractal dimensions
for H1 in static culture at increasing magnification. (b) Viable cell density and
fractal dimension (10x magnification). Legend: 10x magnification (● (black)),
20x magnification (● (gray)), 40x magnification (○), viable cell density (■, 105
cells/cm2), fractal dimension (□). Fractal dimension at increasing magnification
tend towards a value of 1.85 illustrating self-similarity of the cultures on different

magnifications.

The next step was to investigate whether fractal dimensions were also related
to cell marker expression, specifically whether cell differentiation would result in
a significant change in fractal dimension. Pluripotent H1 human ESCs stained for
Oct4 at 48 hours showed comparable fractal dimensions in the grey scale image
(fractal dimension equal to 1.63) and fluorescent Oct4 image (fractal dimension
equal to 1.61) (both images were converted to binary images prior to analysis,
Figure 7). The identical fractal dimensions for the overall cell culture versus the
Oct4 expression sample, suggests a relationship at this stage in ESC growth.
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Figure 6. Automated results using FracLac (24) of cell counts (viable cell density
and fractal dimension) and image processing for murine D3 ESCs. (a) Average
viable cell density and fractal dimension verses time (hours) in static culture of
D3 mouse ESCs. (b) Grey scale image of murine ESCs at time t = 74.5 hours
(c) converted to binary black and white image for analysis. Values of fractal

dimension increase in a linear manner, while cell numbers increase exponentially
– cell culture is filling area more efficiently.

175

 S
T

A
T

E
 U

N
IV

 o
n 

M
ar

ch
 1

0,
 2

01
3 

| h
ttp

://
pu

bs
.a

cs
.o

rg
 

 P
ub

lic
at

io
n 

D
at

e 
(W

eb
):

 M
ar

ch
 8

, 2
01

3 
| d

oi
: 1

0.
10

21
/b

k-
20

13
-1

12
5.

ch
01

0

In Developments in Biotechnology and Bioprocessing; Kantardjieff, A., et al.; 
ACS Symposium Series; American Chemical Society: Washington, DC, 2013. 



Figure 7. Human H1 ESCs at 48 hours (growth curve fractal dimension at 48
hours was 1.65) stained for Oct4. (a) grey scale image and (b) binary black and
white image of entire colony under normal microscope fractal dimension 1.63.
(c) Fluorescent image of Oct4 positive cells and (d) black and white binary image

of fluorescent Oct4 positive cells fractal dimension 1.61.

Staining the same H1 ESC line on Day 8 of differentiation (in vitro via
embryoid body (EB) formation followed by spontaneous differentiation) for
α-fetoprotein (endodermal marker, Table 1) and comparison of the grey scale
versus the fluorescent images revealed a markedly different fractal dimension.
Fractal analysis revealed cells that were positive for α-fetoprotein had a fractal
dimension of 1.41, in comparison to the overall culture that had a fractal
dimension of 1.78 (Figure 8).

Similarly, staining the H1 ESC line at Day 8 for β-III-tubulin (ectodermal
marker, Table 1) and comparing the grey and the fluorescent image reveal
a markedly different fractal dimension for the cells that were positive for
β-III-tubulin (fractal dimension equal to 1.59) versus the overall culture (fractal
dimension equal to 1.85, Figure 9).
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Figure 8. Human H1 ESCs on Day 8 of differentiation (via EB formation) cells
stained for α-fetoprotein to determine if cell morphology may indicate expression
levels. (a) grey scale image and (b) binary black and white image of entire

colony under normal microscope fractal dimension equal to 1.78 (c) Comparison
to brightfield image, fluorescent α-fetoprotein positive cells and (d) binary black
and white image fluorescent α-fetoprotein positive cells fractal dimension 1.41.

The results of fluorescent staining reveal that cells expressing specific
differentiation markers have a very different fractal dimension value than what
was determined for the pluripotent cultures. However, the unstained grey
scale images of these same differentiating cells do not reflect the same fractal
dimension. It is hypothesized that this discrepancy is the result of only partial
differentiation of the culture towards the specific germ lineage that was analyzed.
Further analysis of the greyscale images is required, as the intention of the method
is to be able to pick out areas of differentiation without having to fix and stain the
cells, as the latter overall process is cell destructive. Thus, rather than analyze the
entire culture morphology in greyscale images, we are now looking at analyzing
images at higher magnifications to evaluate specific cells or small groups of cells
within the culture.
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Figure 9. Human H1 cell line on day 8 of differentiation (via EB formation)-
stained for Β-III-tubulin. (a) Grey scale image and (b) binary black and white
image of entire colony under normal microscope fractal dimension 1.85. (c)
Comparison to brightfield image, fluorescent beta-III-tubulin positive cells and
(d) binary black and white image fluorescent beta-III-tubulin positive cells

fractal dimension 1.59.

4. Conclusions

Non-invasive images taken of growing cultures of mouse and human ESCs
reveal there is a significant difference in the morphology of differentiating verses
pluripotent ESCs. We have demonstrated that pluripotent human ESCs do grow
in a fractal manner, with self-similar images showing similar fractal dimensions at
various magnification levels. Improving the gridding and re-running the analysis
for ESCs stained for more cell-surface markers of differentiation may provide
a better understanding of the relationship between differentiation and fractal
dimension. Initial analysis does show a difference in fractal dimension between
cells with high Oct4 expression and cells undergoing differentiation, however
brightfield photographs do not follow the same trend, thus further investigation
by analyzing the multifractal spectrum is underway. Preliminary multi-fractal
analysis by using the multi-fractal analysis (27) tool in FracLac (24) reveals
more pronounced differences between growth curve time points. Multi-fractal
analysis may also provide a better understanding of the relationship between
differentiation and fractal dimension, as this process can give far more detail with
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regard to factors such as cell clustering. The goal is to advance this tool to a stage
where scientists can quickly analyze growing static 2D cultures of ESCs in a
high-throughput, nondestructive and quantitative manner.
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