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Introduction
One of the mysteries of purifying biomolecules is the 
behavior of DNA. It does not follow the rules.

It should bind strongly to anion exchangers. All of it. 
A lot does, but not all.

It should be repelled by cation exchangers and flow through 
during sample application. Some does. Some doesn‘t.

It should also flow through nonionic and bioaffinity columns. 
Most does but a lot doesn‘t.

These are warnings. If something as simple as DNA breaks all 
the rules, there must be a reason, and that reason may have 
broader ramifications. 
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Introduction

Sample: bacteriophage M13 
E.coli culture supernatant
Column: CIMmultus™ OH
Flow rate: 12 CV/min
Capacity: 1013 vp/mL
Protein reduction: 99%
DNA reduction: 93%
Mass recovery: >90%
Infectivity: >95%
Process time: 30 min

Why only 93% DNA reduction? 
DNA should not bind to a hydroxyl surface. 
The virus has a pI of 4.2. DNA has a pI of 2.6—both are electronegative at 
neutral pH. They should repel each other and DNA should be absent. 

Example: Partial clearance of DNA where it should be eliminated.
Steric exclusion chromatography of a virus that repels DNA.
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Introduction
Example: DNA binding by a cation exchanger.
IgG, mammalian cell culture harvest, Nuvia™ S, pH 6.0, gradient to 2.0 M NaCl.

Purified DNA is repelled from cation exchangers and elutes 
immediately after sample injection.
Based on that, these results should be impossible. But histone 
proteins provide a clue:
Where in nature does DNA co-occur with histones?
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DNA in eukaryotic cells
DNA in cells is a component of chromatin.
The basic structural element of chromatin is a nucleosome.

Fully intact individual nucleosomes contain 147 bp of DNA wrapped 1.65 times 
around an octamer of core histones: (H2A,H2B,H3,H4)2. 

They are joined in linear arrays by 20–80 bp sequences of linker DNA.

Prokaryotes and viruses also have DNA-compaction proteins. 
Some are called histones, some are not, but all are chemically 
and structurally similar to eukaryote histones.
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DNA in cell culture harvests
In living cells, DNA from any single chromosome exists as a single 
chain with millions of base pairs.

During apoptosis and secondary necrosis, DNA is digested by 
nuclease enzymes but only partially.

Its association with histones is so strong that nucleosomal DNA is 
protected against nuclease enzymes. 

Instead, nucleases preferentially lyse linker DNA sequences.

This produces subpopulations of nucleosomal arrays containing 
different numbers of nucleosomes.
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DNA and RNA in cell culture harvests
Chromosomal fragmentation revealed by electrophoresis.
SEC fractions of mammalian cell culture harvest. Band size shows the 
number of nucleosomes per array.

1% agarose stained with GelRed™

Each band corresponds to a nucleosome 
array. The smallest band represents a 
single nucleosome, the next a duplex, 
then a triplex, etc.

RNA levels in cell harvest average about 
four times higher than DNA.

Both DNA and RNA are protected from 
lysis by their strong association with 
proteins, especially histones.

DNA and RNA must be extracted to 
dissociate and remove histones before 
application to the gel.

RNA confirmed by independent assay. It remains stable through its associations with proteins. 
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Histones in mammalian cell culture harvests
Secondary heteroassociations wthin aggregates.
Reduced SDS-PAGE, silver stain, fractions from SEC of cell harvest.

Note that the aggregate fractions contain 
the highest diversity of proteins, more 
than all other fractions combined.

This is the basis for naming this class of 
contaminants chromatin hetero-
aggregates.

Most heteroaggregate proteins are 
smaller than IgG. This is an indication   
they are associated with larger bodies: 
nucleosomal arrays.

The antibody component of chromatin 
heteroaggregates is misfolded, containing 
aberrant light and heavy chain constructs.

Histone identities confirmed by Western blot and Mass Spec.
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DNA, RNA, and histones in cell culture harvests
SEC of CHO harvest clarified by centrifugation & microfiltration.

The large size of nucleosomal arrays cause the majority of DNA and histones to  
be associated with the aggregate fractions. Hydrodynamic diameters 20–400 nm. 

This the same size range as for virus particles and extra-cellular vesicles. 

Concentration of cell culture harvests by tangential flow filtration co-concentrates 
viruses and vesicles with chromatin heteroaggregates.

RNA levels 4–5X DNA are typical. Both are stabilized by association with histones.
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What stabilizes chromatin heteroassociations?
DNA phosphate groups make DNA very acidic; pKa ~2.6. 

DNA is generally considered to be hydrophilic but the minor groove 
is hydrophobic and interacts strongly with proteins.

DNA phosphates are also highly enriched with hydrogen acceptors, 
they participate extensively in van der Waals interactions, and they 
have strong metal affinity.

These characteristics make DNA a liquid-phase multimodal cation 
exchanger with ability to form stable associations with many species 
of proteins—especially at acidic pH.

RNA embodies similar chemical reactivities.
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What stabilizes chromatin heteroassociations?
Histone proteins have isoelectric points ranging from 9 to 11 and 
they are extremely hydrophobic.

They also interact with other species through metal affinity, 
hydrogen bonds, and van der Waals interactions.

This reveals histones as liquid-phase multimodal anion exchangers.

Purified histones will not elute from cation exchangers in NaCl. 
Guanidine or NaOH is required.

They aggregate extensively at elevated salt concentrations.

Histones dissociate partially from nucleosomes at 2 M NaCl but 
even 4 M cannot achieve complete dissociation (except at pH <1).

RNA-histone complexes cannot be dissociated.
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What stabilizes chromatin heteroassociations?
Nucleosomal remnants retain all the chemical reactivities of their DNA 
and histone components.

This makes them multimodal nucleation centers for many secondary 
accretions and explains why 80% of chromatin heteroaggregate mass 
comes from non-nucleosomal host contaminants, mostly proteins.

Chromatin remnants bind more strongly to all types of chromatography 
media than any single contaminant species or product.

They also bind strongly to most virus species, exosomes, and protein 
products with strongly acidic or strongly alkaline domains.*

Even when they don‘t bind to a product under physiological conditions, 
they probably bind under at least some chromatography conditions.
*The isoelectric point of the protein or virus need not be strongly acidic or strongly aklaline. Only a 
single domain with chromatin-complementary chemistry is required to mediate association. 
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How stable is stable?
Chromatin hetero-aggregates are meta-stable. They are reasonably stable 
within specified conditions, such as physiological pH and conductivity, but 
increasingly unstable outside that range.

Associations among their core elements, DNA and histones, are highly 
resistant to dissociation and survive most chromatography conditions      
to a large degree.

Secondary associations of chromatin with non-nucleosomal species are 
mostly weaker and dissociate more extensively during chromatography.

Variations in pH, variations in conductivity, exposure to electropositive 
surfaces, exposure to electronegative surfaces, etc., alter the associations 
among elements, weakening some but strengthening others.

Ex. NaCl dissociates DNA from histones but promotes histone aggregation.
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Chromatin interference with chromatography
Chromatin heteroaggregates as Trojan Horses: the protein A model.

Chromatin heteroaggregates bind protein A through multipoint interactions 
with histones and misfolded IgG.

IgG elution conditions dissociate contaminant subsets from still-bound 
chromatin elements. 99% of the host contaminants in eluted IgG arrive there 
via this pathway. 5–10% of IgG is lost by binding to chromatin DNA at pH 3.5.
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Chromatin interference with chromatography
Chromatin heteroaggregates as Trojan Horses: the protein A model.

Pure DNA does not bind to protein A. It is repelled electrostatically and elutes 
in the void. Chromatin binds to protein A via its histone component, which 
carries associated DNA with it.

For nucleosomal DNA to reside in the eluted IgG fraction, intact nucleosomal 
arrays must be dissociated from still-bound chromatin elements at the same 
time IgG is being dissociated from its direct interactions with protein A.
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Chromatin interference with chromatography
Chromatin-mediated alteration of chromatography surface chemistry 
compounds capacity reduction and distorts elution profiles.
Elution of monoclonal IgG from Eshmuno® HCX.

HCX is a particle-based multimodal cation exchanger. It binds >15x 
more chromatin than protein A due to stronger histone binding. 

Capture capacity from filtered harvest is only 26% of capacity 
determined with purified IgG.
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Chromatin interference with chromatography
Direct chromatin-product associations create another pathway for 

distortion of elution profiles and depression of contaminant removal.

IgM capture by steric exclusion chromatography (SXC, CIMmultus™ OH).

IgM antibodies, like viruses, have a strong tendency to form stable 

associations with chromatin. If not removed in advance, chromatin 

plagues all purification and many analytical methods.
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Chromatin interference with chromatography

Sample: bacteriophage M13 
E.coli cell culture supernatant
Column: CIMmultus™ OH
Flow rate: 12 CV/min
Capacity: 1013 vp/mL
Protein reduction: 99%
DNA reduction: 93%
Mass recovery: >90%
Infectivity: >95%
Process time: 30 min

Why only 93% DNA reduction? 
Because the chemical similarity of the virus to DNA endows it with high 
affinity for histone-like DNA-compaction proteins from E.coli.    
Since those proteins are pre-associated with DNA, the DNA is carried along. 

Back to the begining: Why the weaker than expected DNA clearance?
Steric exclusion chromatography of a virus that repels DNA.
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Chromatin interference with chromatography
Back to the beginning: Why does DNA bind to cation exchangers?

IgG, mammalian cell culture, Nuvia™ S, pH 6.0, gradient to 2.0 M NaCl.

DNA elutes across the profile because it is strongly associated with histones.

Some of it represents complexes with different proportions of histone to DNA. 

Note the increasing histone-to-DNA ratio from 0.0 to 1.0 M NaCl.

Later fractions include DNA leached by increasing salt from histone elements 

that remain bound to the column even at 2 M NaCl.
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Managing chromatin
The most effective tactic is to remove chromatin before chromatography.
The more chromatin you remove in advance, the higher the performance and 
reproducibility of your process.

Protein A affinity purification of IgG from mammalian cell culture harvest.

Capacity: 47 g/L
Recovery: 96.1%
HCP: 371 ppm
DNA: 17 ppm
Aggr: 2.4%

Capacity: 56 g/L
Recovery: 99.5%
HCP: 3 ppm
DNA: 1 ppb
Aggr: <1%
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Managing chromatin
Depth filtration is frequently effective for chromatin reduction.

Examples include devices packed with cheap positively or 

negatively charged membranes or particles, or packed with 

poorly characterized non-specific adsorptive materials like 

diatomaceous earth.*

There are three major restrictions:

1) They cannot be used if the adsorbent binds the product.

2) They cannot be used if the product binds chromatin.

3) Depth filters themselves become fouled by chromatin.

There is a middle ground. Adjusting pH and/or salt concentration 

may sufficiently reduce product binding to make depth filtration 

feasible, but it may also compromise chromatin removal. 

*Diatomaceous earth is heavily and variably contaminated with aluminum and a variety of 

other metals that leach into bioprocess solutions and adversely affect many products. 

25



© 2018 BIA Separations. All rights reserved.

Managing chromatin
Co-precipitation is frequently effective for advance removal.

Examples include cheap porous particles with a positive or 
negative charge, particles with hydrogen bonding surfaces 
(allantoin crystals), or poorly characterized non-specific   
adsorptive particles (diatomaceous earth).

There are two major restrictions:
1) They cannot be used if the agent binds the product.
2) They cannot be used if the product binds chromatin.

As with depth filters, there is a middle ground. Adjusting pH and/or 
salt concentration may sufficiently reduce product binding to make 
co-precipitation feasible, but may compromise chromatin removal. 
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Managing chromatin
Flocculation is frequently effective for advance chromatin removal.

Examples include organic acids (caprylic/octanoic acid); negatively 
charged polymers (polyvinyl sulfate, alginic acid); organic bases 
(ethacridine, methylene blue); positively charged polymers 
(pDADMAC, DEAE dextran or cellulose, PEI, chitosan); and calcium.

There are two major restrictions:
1) They cannot be used if they flocculate the product.
2) They cannot be used if the product binds chromatin.

As with depth filters, there is a middle ground. Adjusting pH and/or 
salt concentration may sufficiently reduce product binding to make 
flocculation feasible for products that otherwise bind. 

Flocculants are cheaper than depth filters or co-precipitants but 
testing is required to document they have been removed from    
the final product. 
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Managing chromatin
Combinations work better than one-dimensional strategies.
Combined flocculation–co-precipitation followed by depth filtration.

IgG harvest. 1% allantoin, 0.45% caprylic acid, 0.05% chitosan, pH 5.3

Solids can alternatively be removed by centrifugation or acoustically enhanced 
settling, both of which can be adapted to continuous processing formats.

Particle reduction after flocculation–co-precipitation increases depth filter 
capacity by a factor of 20–50.
Turbidity after depth filtration is 2–5 NTU; within WHO stds. for drinking water. 
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Managing chromatin
Distribution of host cell proteins before & after chromatin extraction

SEC with Cygnus III HCP-ELISA analysis of selected fractions.

Note the 10X difference in HCP scale between chromatograms. 

Both classes of chromatin heteroaggregates were removed; the 

DNA-dominant nucleosomal array species (9–13 min), and the 

RNA-dominant nucleosome fragment-based species (15–18 min).  
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Managing chromatin
During chromatography, chromatin-dissociative washes work well 
with products that bind strongly to the stationary phase.

Protein A affinity chromatography with a 2 M NaCl wash.

The obvious limitation with this approach is that the wash must not pre-elute product. 
Washes are much less effective than advance extraction but any improvement is a plus.
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Managing chromatin
Chromatography ligands can also dissociate chromatin from product.

Spontaneous dissociation of IgM-DNA complexes during anion exchange.

DNA abandons IgM in favor of the stronger binding partner, in this 
case the anion exchanger. This happens before elution begins.

The mores strongly the adsorbent binds DNA, the more effectively 
it extracts DNA from the product.
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Conclusions
We have all misunderstood purification for our entire careers.

We have been taught that products and contaminants exist in 
samples as independent species, and that their chromatographic 
behavior can be predicted by their known individual properties.

We have been taught that chromatography elution profiles and 
peak contents exclusively reflect dissociation of biomolecules 
from stationary phase ligands.

We have been taught that biomolecule-ligand interactions do not 
alter chromatographic selectivity.

We have been taught that these assumptions are valid across all 
pH and conductivity values, and across all ligand chemistries.

Every one of these assumptions is false.
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Conclusions
DNA is never alone. RNA is never alone. Histones are never alone. 
They collectively act as nucleation centers and create quasi-stable 
heteroassociations with hundreds of other contaminant species.

These heteroassociations bind more strongly to all adsorptive 
chromatography media than any product.

They alter column selectivity; depress capacity and cycle lifetime.

They create non-classical contamination pathways that confound 
rational process development; preparative and analytical.

They bind to many biological products and severely compromise 
purification performance.

If you do not manage them, they will manage you.
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Helpful hints
Get in the habit of including CIP (NaOH elution) peaks on your 

chromatograms.

The larger the ratio of CIP peak area to product peak area, the 

more chromatin is interfering with your process.

CIP peaks give you a visual index for how much product-binding 

capacity you are losing to competition from contaminants.

They unmask the Trojan Horse that is leaching contaminants 

into your product peak.

If you collect, neutralize, and analyze CIP peaks, they can reveal 

how much product you are losing to chromatin binding. 

If you choose to explore methods for reducing chromatin levels 

before chromatography, CIP peak size provides an easy visual 

index to measure their effectiveness.
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