
 

 

 

 

Structural studies on PP2A and 
Methods in Protein Production 
 

Auður Magnúsdóttir 



©Auður Magnúsdóttir, pp.1-53, Stockholm 2008 
 
ISBN 978-91-7155-750-6 
 
Printed in Sweden by Universitetsservice AB, Stockholm 2008 
Distributor: Department of Biochemistry and Biophysics, Stock-
holm University 
 
All previously published papers are reprinted with permission 
from the publisher 

 



To Elski Pelski  

 



 

 



 

Abstract 
 
 

PP2A is a major phosphatase in the cell that participates in multiple 
cell signaling pathways. It is a heterotrimer of a core dimer and variable 
regulatory subunits.   Details of its structure, function and regulation are 
slowly emerging.  Here, the structure of two regulators of PP2A are de-
scribed; PTPA and B56γ.  PTPA is a highly conserved enzyme that plays a 
crucial role in PP2A activity but whose biochemical function is still unclear.  
B56γ is a PP2A regulatory subunit linked to cancer and the structure pre-
sented here of B56γ in its free form is particularly valuable in light of the 
recent structures of the PP2A holoenzyme and core dimer.   

Protein production is a major bottleneck in structural genomic pro-
jects.  Here, we describe two novel methods for improved protein produc-
tion.  The first is a colony based screening method where any DNA library 
can be screened for soluble expression of recombinant proteins in E.coli.  
The second method involves improvements of the well established IMAC 
purification method.  We have seen that a low molecular weight component 
of E.coli lysate decreases the binding capacity of IMAC columns and by 
removing the low molecular weight components, recombinant proteins only 
present at low levels in E.coli lysate can be purified, which has previously 
been believed to be unfeasible.  
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Introduction 

Macromolecular Structures 
Information about the three dimensional structure of biological mac-

romolecules is vital for understanding their function at the molecular level. 
Although the role of structural biology has not been as dominating in drug 
design as first expected it has become increasingly important in other fields 
of the life sciences and has now regained ground in drug discovery.  The 
large number of structures now available of different biologically relevant 
macromolecules; proteins, nucleic acids and viruses, and complexes thereof 
has brought this about.  Structural biology is no longer a narrow field of a 
few eccentrics with generous amount of time  (it took 22 years to determine 
the first protein structure); rather it is an indispensable tool in the under-
standing of the molecular mechanisms of life. 

Despite the difficulties in obtaining protein crystals and other chal-
lenges such as missing phase information, twinning and weak diffracting 
crystals, X-ray crystallography continues to be the dominating method for 
high-resolution structure determination of macromolecules. On the 50th an-
niversary of the first protein structure, X-ray crystallography is still used for 
the ab initio determination of the majority of macromolecular structures and 
85%, of all structures in the PDB are determined with X-ray crystallography 
(figure 1).  Other methods used to obtain 3D structures of macromolecules, 
NMR and electron microscopy, are limited to lower molecular mass proteins 
and low resolution, respectively.  However, the three methods are to some 
extent complementary; NMR can provide dynamic and kinetic information 
and electron microscopy is well suited for the study of large macromolecular 
assemblies  (Branden and Tooze, 1999; Manjasetty et al., 2008; McPherson, 
2003).   



 
Figure 1: The number of entries in the protein data bank each year of this millen-
nium in total and by experimental method. In 1990, 508 structures had been submit-
ted to the PDB, on August 19th, 2008 this number was 52535. 

 
 
  
 

Scope of the Thesis 
The thesis describes the structures of two regulators of the protein phos-
phatase PP2A. These structural studies address the role of these regulators in 
assembly and activation of PP2A.  
This thesis also describes two novel methods for producing challenging pro-
teins for structural studies. The first is the Colony filtration (CoFi) blot, 
which is a colony-based method for screening solubility of DNA libraries of 
protein variants.  The second method addresses some severe limitations to 
the widely used IMAC purification methods and means of improving it.  
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Protein phosphatase 2A 

Ser/thr dephosphorylation 
Regulation of virtually all cellular processes involves rapid and re-

versible phosphorylation - some  30% of intracellular human proteins are 
believed to be reversibly phosphorylated, and the genes encoding kinases 
and phosphatases constitute as much as 3% of the genomes of higher eu-
karyotes.  Many human diseases can be attributed to a malfunctioning kinase 
or phosphatase (for reviews, see (Barford et al., 1998; Johnson and Barford, 
1993)).   

Protein phosphatases 1 and 2A (PP1 and PP2A, respectively) are re-
sponsible for the vast majority of all ser/thr dephosphorylations in the cell.  
PP1 interacts with endogenous inhibitors and more than 50 divergent regula-
tory subunits.  Although the regulatory subunits are structurally unrelated 
they all form stable complexes with PP1.   Most of them contain an anchor-
ing motif, the RVXF motif that binds to a grove on PP1’s surface and 
thereby tethers the regulatory subunit to PP1.  However, it is mainly interac-
tions at other contact points between the regulatory subunits and PP1 that 
determine the catalytic activity and substrate specificity of PP1.  Each con-
tact point on PP1 can be utilized by several regulatory subunits and each 
regulatory subunit usually utilizes more than one contact point (for recent 
reviews see (Ceulemans and Bollen, 2004; Gallego and Virshup, 2005)). 

Other eukaryotic ser/thr protein phosphatases are the magnesium 
dependant protein phosphatases (PPM) e.g. PP2C and the phosphoprotein 
phosphatases (PPP) PP3 (PP2B), PP5, PP4 and PP6, the two latter being type 
2A phosphatases.  The PPP and PPM families share no sequence similarity 
and are only roughly structurally similar, comprized of a central β-sheet 
sandwich flanked by α-helices on both sides. The relatively few catalytic 
subunits of ser/thr phosphatases, compared with protein kinases, obtain the 
required structural diversity by binding to different regulatory subunits that 
control their substrate specificity, as in the case of PP1 discussed above.  The 
crucial determinant of substrate specificity is therefore not residues of the 
substrate protein surrounding the Ser/Thr to be dephosphorylated. This is in 
contrast to the protein kinases where the neighboring residues to the phos-
phorylation site are most often used for specificity recognition. For phos-



phatases the specific recognition is believed to be mediated through interac-
tions of the substrate with the regulatory subunits, and/or sites on the cata-
lytic subunit that have been altered through interaction with the regulatory 
subunits.  

 
 

 
Figure 2:  The proposed reaction mechanism of the PPP family phosphatases.  This 
mechanism was put forward for PP1 (Egloff et al., 1995) and the corresponding 
conserved residues in PP2A are shown in bold 

The PPPs participate in many diverse regulatory processes in the 
cell.  PP1 plays a role in controlling for example glycogen metabolism, cell 
cycle progression, RNA splicing and neuronal activities.  PP2B is an impor-
tant member of the Ca2+ signaling cascade activating T-cells and is character-
ized by its Ca2+ dependence.  PP2C reverses stress-activated protein kinase 
cascades (for reviews, see (Barford et al., 1998; Cohen, 1997; Kennelly, 
2001; Mitic et al., 2006)).  The type 2A phosphatases, PP6 and PP4 are 
among other things involved in NF-κB signaling (Stefansson et al., 2008) 
and centrosome maturation (Cohen et al., 2005), respectively. The catalytic 
domain of the proteins of the PPP-family is highly conserved.  They share 
34% sequence similarity and all contain a bimetal center.  The identity of the 
metals is unclear but one is most likely a Fe2+ and the other Zn2+ or Mn2+ 

(Barford et al., 1998; Kennelly, 2001; Mitic et al., 2006).   
With the recent structure determination of different PP2A com-

plexes, the structure of the catalytic subunit of all the major PPPs has been 
determined.  Not surprisingly, the structures of the PPP catalytic subunits are 
very similar.  Two mixed β-sheets form a sandwich with three α-helices and 
a β-sheet on one side and seven α-helices on the other. The catalytic site is at 
the C-terminus of the two β-sheets forming the sandwich and residues on 
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loops sticking out from the sandwich coordinate the binuclear center (Cho 
and Xu, 2007; Das et al., 1996; Egloff et al., 1995; Goldberg et al., 1995; 
Kissinger et al., 1995; Swingle et al., 2004; Xu et al., 2006). The dephos-
phorylation is thought to be carried out in one step. The role of the bimetal 
center is to bind and polarize the phosphate moiety to make it more vulner-
able to a nucleophilic attack from a metal coordinated water.  The metal ions 
also play a key role in activating the water molecule for a nucleophilic attack 
(Egloff et al., 1995).  The reaction mechanism proposed by David Barford’s 
group for the PP1/PP2 family is shown in figure 2.   

 
 

Protein phosphatase 2A 

Biochemical properties 
PP2A is a heterotrimer consisting of a highly conserved catalytic subunit, a 
regulatory subunit and a structural subunit thought to serve as a scaffold 
bringing the other two subunits together.   The core enzyme is the dimer 
(PP2Ad) of the 36 kDa catalytic subunit (PP2Ac) and the 65 kDa scaffolding 
subunit (PP2Aa) that comes in contact with one regulatory subunit (PP2Ab) 
(Janssens and Goris, 2001).   
PP2A is an essential enzyme, as mouse embryos with the α isoform of the 
PP2Ac knocked out die (Götz et al., 1998) and the ablation of the PP2Ac in 
drosophila cell lines is lethal (Silverstein et al., 2002).  It is the major phos-
phatase in the cell along with PP1 and participates in regulation of multiple 
cellular pathways such as the cell cycle, apoptosis, development, transcrip-
tion, translation, metabolism, cytoskeleton stability and it is a key player in 
many human diseases (for reviews, see (Arroyo and Hahn, 2005; Eichhorn et 
al., 2008 ; Janssens and Goris, 2001; Janssens et al., 2005; Schonthal, 2001; 
Sontag, 2001) 
 

The catalytic subunit 
In the cell, the PP2Ac is present in two isoforms, α and β, expressed from 
two different genes.  They are non-redundant despite 97% sequence identity.  
The α isoform is highly over-represented (ca. 90%) but both are ubiquitously 
expressed.  The Cα and Cβ subunits do not, however, differ in holoenzyme 
formation or kinetic activity (Zhou et al., 2003). The expression of PP2Ac is 
thoroughly controlled (Lizotte et al., 2008; Strack et al., 2004; Turowski et 
al., 1997). 
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PP2Ac is one of evolutions most highly conserved enzymes and 7 out of the 
last 9 residues of the C-terminus are invariant (Cohen et al., 1990; Ogris et 
al., 1997). PP2Ac is covalently modified post-translationally.  The invariant 
C-terminus is carboxymethylated and this has been shown to regulate to 
some extent the PP2Ab association with the PP2Ad (Tolstykh et al., 2000; 
Wu et al., 2000). The PP2A methylesterase PME-1 that demethylates 
PP2Ac, is associated with an inactive PP2A pool that can be reactivated by 
PTPA with ATP/Mg2+ (Fellner et al., 2003; Longin et al., 2004).  Recent 
biochemical and structural work on the PME-1 indicates that it plays an im-
portant role in holoenzyme assembly and regulation of basic catalytic activ-
ity (Hombauer H, 2007; Xing et al., 2008). Y307 of PP2Ac can be phos-
phorylated by p60v-src and P56lck and is thought to autodephosphorylate 
(Chen et al., 1992).  PP2Ac can also be phosphorylated at some still uniden-
tified threonines.  The effect of the phosphorylation is generally thought to 
be inhibitory (Damuni et al., 1994) although PP2Ac phosphorylated at Y307 
is active in vitro (Ogris et al., 1997).   
  

The structural subunit 
The PP2Aa subunit, called PR65 or A-subunit, is also present in two non 
redundant isoforms in the cell, α and β, and the α isoform is in general more 
abundant (Hemmings et al., 1990).   It is composed of 15 tandem repeats, 
each of on average 39 residues that form two antiparallel helices.  The re-
peats arrange themselves in a slightly tilted fashion giving the protein the 
overall shape of the letter “C” made of an α-helical double layer.  This re-
peated motif is known as the HEAT motif and it is known in many other 
proteins, such as Importin β and mTOR kinase (Groves et al., 1999).    
PP2Aa is a tumor suppressor and mutated forms have been found in lung and 
colon tumors and in breast cancer (Calin et al., 2000; Wang et al., 1998).  
The dissociation constant (apparent) of 100 - 85 pM for the core dimer is 
unusually low (Kamibayashi et al., 1992; Turowski et al., 1997).  Whether or 
not the core dimer exists in vivo remains to be conclusively demonstrated. 
(Gentry et al., 2005; Kremmer et al., 1997; Silverstein et al., 2002). 

The regulatory subunit 
The PP2Abs control PP2A’s substrate specificity and cellular local-

ization.  They are very diverse but can be divided into 3 different structural 
families: B, B’and B’’. They all appear to have similar binding sites on 
PP2Ad as the binding of one PP2Ab excludes the binding of all others.   The 
interaction between PP2Ad and PP2Ab is not equally strong for all PP2Abs 
in vivo (for reviews, see (Eichhorn et al., 2008 ; Janssens and Goris, 2001; 
Sontag, 2001).  The B56 or B’ family is the largest family of PP2Ab, with 5 
gene members, some of which have several splice variants.  They are ex-
pressed at high levels in muscle and brain; the α and γ in skeletal and cardiac 
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muscle and β, δ and ε in brain (McCright and Virshup, 1995) and (McCright 
et al., 1996a).  All members are themselves targets for phosphorylation 
(McCright et al., 1996b; Xu and Williams, 2000), including the splice vari-
ant B56γ1 that is expressed and phosphorylated in a tissue specific manner. 
Phosphorylation of B56γ1 inhibits binding to the PP2Ad (Letourneux et al., 
2006). α, β and ε are cytoplasmic whereas δ and γ1 and γ3 are mainly nu-
clear (McCright et al., 1996b).  The other two families of PP2Abs are B55 or 
B which are composed of WD40 repeats with >80% sequence similarity (Hu 
et al., 2000; Strack et al., 2002) and B’’ or PR72 which contains an EF-hand 
sequence motif.  They have 4 and 2 gene members, respectively and the 
largest PP2Ab, PR130 is one of two splice forms of the PPP2R3A gene in 
the PR72 family (Stevens et al., 2003).   

In the new millennium a still increasing number of studies have 
identified which PP2Ab proteins direct the activity of PP2A towards which 
substrates (Chen et al., 2004; Silverstein et al., 2002; Strack et al., 2004; Van 
Kanegan et al., 2005). This has recently been reviewed by Eichhorn et al. 
(Eichhorn et al., 2008) The B55 regulatory subunits are involved in cy-
toskeleton stability (Evans and Hemmings, 2000), growth factor signaling 
(Bα) (Arnold and Sears, 2006; Van Kanegan et al., 2005) and neuronal ac-
tivities (Bβ) (Dagda et al., 2003) with substrates such as C-myc and Erk 
(Arnold and Sears, 2006; Dagda et al., 2003).  The B56 regulatory subunits 
are involved in regulation of growth factor signaling (Van Kanegan et al., 
2005), cell cycle check points (Margolis et al., 2006), Wnt signaling (Baek 
and Seeling, 2007; Seeling et al., 1999; Yang et al., 2003), transcription 
(Chen et al., 2005) and apoptosis (Li et al., 2002; Strack et al., 2004) with 
substrates such as p300, Cdc25 and Akt.  B’’ family members participate in 
for example cell cycle control (Stevens et al., 2003; Voorhoeve et al., 1999) 
with substrates such as Cdc6 and the retinoblastoma protein (Magenta et al., 
2008; Yan et al., 2000).  

Striatin and SG2NA are sometimes included as a fourth family of 
PP2Abs but are not accepted yet as a regulatory subunit family as the rele-
vance of the holoenzyme in vivo is unclear (Benoist et al., 2006; Moreno et 
al., 2000). 
 

PP2Ac can also form complexes outside the abundant heterotrimeric 
form with PP2Aa and PP2Ab.  These are e.g. two PP2A inhibitors (for re-
views (Janssens and Goris, 2001)), the atypical cyclins G1 and G2 (Bennin 
et al., 2002) and both the simian virus 40 small T-antigen and the polynoma 
middle T-antigen (for a review, see (Arroyo and Hahn, 2005)).  The 
α4/Tap42 protein can form complexes with PP2Ac that are active and sub-
strate specific (Chung et al., 1999; Prickett and Brautigan, 2006).  As dis-
cussed below, the PTPA protein also regulates PP2Ac although the mode of 
regulation has been debated (Chao et al., 2006; Fellner et al., 2003; Hom-
bauer H, 2007; Jordens et al., 2006; Leulliot et al., 2006; Zheng and Jiang, 
2005) 



  

Holoenzyme structure 
A quantum leap in PP2A research was made when the structures of the 
PP2Ad (Xing et al., 2006) and the heterotrimeric holoenzyme (Cho and Xu, 
2007; Xu et al., 2006) were solved independently by two groups in 2006 and 
could for the first time explain the molecular basis for heterotrimer interac-
tion (see figure 4A).  Although the resolution was limited, they were able to 
identify key residues at the heterotrimer interface.   

The scaffolding subunit PP2Aa is a true scaffold upon which the 
PP2Ac and PP2Ab rest.  All three components interact with each other and 
the interaction surface is large although the PP2Aa-PP2Ab interaction is 
relatively weak.  The B56γ expose its concave surface at the PP2Ac active 
site like a platform which could serve for interactions with substrate pro-
teins. The active site on PP2Ac is facing away from the other two subunits 
and is free for substrate access and the surface available for substrate contact 
on PP2Ac is highly reduced upon B-subunit binding.   The holoenzyme 
structure conforms to the earlier suggestion that the recruitment of substrate 
is controlled/aided by PP2Ab interaction by creating new binding sites on 
the holoenzyme (Cho and Xu, 2007; Janssens and Goris, 2001).  

B56γ and PP2Ac interact through four motifs; the conserved surface 
loops on B56γ; the helical domain of PP2Ac; the invariant C-terminal tail of 
PP2Ac as well as the PP2Ac surface loop containing the conserved R268 
(figure 3 and (Cho and Xu, 2007; Xu et al., 2006)). 

 
Figure 3: Two views of the interaction surface PP2Ac (light gray) and B56γ (dark 
gray) in the PP2A holonezyme complex. The active site metals are shown as black 
spheres, PP2Aa has been omitted for clarity 

  
The structure of both the heterotrimer and heterodimer can explain, 

on molecular level, the effect of several mutations of the PP2Aa found in 
cancer where these compromise interactions with the other subunits (Cho 
and Xu, 2007; Xing et al., 2006).  Furthermore, they could shed some light 
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on the importance of methylation of the invariant C-terminus of PP2Ac for 
the interaction with PP2Ab.  The C-terminal methylation enables binding of 
the C-terminus at its negatively charged binding site between the PP2Aa and 
B56γ by neutralizing the negative charge of the C-terminus of PP2Ac.  

 The invariant C-terminus of PP2Ac interacts extensively with both 
PP2Aa and PP2Ab.  A binding pocket could also be identified for the invari-
ant Y307c of the C-terminus.  As mentioned above, Y307 can be phosphory-
lated (Chen et al., 1992) and mutations mimicking this phosphorylation have 
been shown to abolish the interaction between the PP2Ad and the regulatory 
B55 and B56 (Ogris et al., 1997) (Gentry et al., 2005) but to increase the 
abundance of the Tap42(α4)/PP2Ac dimer.  Phosphorylation of Y307 would 
result in a serious clash in the tight binding site for the C-terminal tail of 
PP2Ac in the holoenzyme (Cho and Xu, 2007; Xing et al., 2006).   

 

Cellular role of PP2A 
PP2A regulates cell proliferation.  It promotes progression through 

the G1/S phase but inhibits G2/M progression (Schonthal, 2001; Sontag, 
2001).   PP2A regulates many enzymes in cell cycle control and is among 
other things involved in formation of the pre-replication complex in G1 
(Chou et al., 2002; Yan et al., 2000), spindle checkpoint control (Wang and 
Burke, 1997) and DNA damage response (Li et al., 2007; Magenta et al., 
2008; Petersen et al., 2006). 

PP2A also regulates cell death and is a pro-apoptotic factor. It acti-
vates the pro-apoptotic Bad in collaboration with other phosphatases and 
inactivates the anti-apoptotic Bcl-2 (for a review, see (Klumpp and Kriegl-
stein, 2002). PP2A also activates the transcription factor FOXO that regu-
lates the transcription of many pro-apoptotic and growth inhibiting genes 
(Yan et al., 2008).  
  

In addition to its involvement in the cell cycle and apoptosis PP2A  
has furthermore been shown to regulate development, transcription, transla-
tion, metabolism, cytoskeleton stability and more (for reviews, see (Eichhorn 
et al., 2008 ; Janssens and Goris, 2001; Janssens et al., 2005; Sontag, 2001)).  
When PP2Ac can form many different holoenzymes through binding to dif-
ferent partners, each with its own substrate specificity, PP2A should be con-
sidered a group of enzymes rather than a single enzyme.  This view subdues 
the confusion involving PP2A’s multiple roles and can explain the many 
contradicting activities attributed to it in the past such as, for example; 
growth inhibition and promotion; inhibition and activation of the MAP 
kinase cascades (reviews: (Magenta et al., 2008; Schonthal, 2001)). As dis-
cussed in the section about the PP2Ab, research is now focused on establish-
ing the substrate specificity of each individual type of holoenzyme. 
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PP2A and diseases  
At least some of the PP2A holoenzymes have a tumor suppressor ac-

tivity. The inactivation of PP2A is necessary for progression of some cancer 
types, either through substitutions in PP2Aa that retard or eliminate interac-
tions with the other PP2A subunits, or through the upregulation of oncogenic 
PP2A inhibitors such as SET and CIP2 ((Calin et al., 2000; Junttila et al., 
2007; Ruediger et al., 2001; Tamaki et al., 2004) for reviews, see (Janssens 
et al., 2005; Perrotti and Neviani, 2008; Sablina and Hahn, 2008)).  Simi-
larly, many DNA tumor viruses, such as the SV40, polyoma virus and papil-
loma virus, target PP2A and its inactivation is necessary for viral transfor-
mation (for reviews, see (Arroyo and Hahn, 2005; Goldberg, 1999)). Fur-
thermore, dephosphorylation of the notorious oncogenes c-Myc and Akt and 
the tumor suppressor p53 is mediated by B56α, B55α and B56γ, respec-
tively.  This dephosphorylation marks c-Myc for degradation and inactivates 
Akt but stabilizes p53 (Arnold and Sears, 2006; Kuo et al., 2008; Li et al., 
2007).  B56γ has been shown to have some additional couplings to human 
malignancies.  Deletion of B56γ can replace the ST antigen in SV40 trans-
formations and over expressing B56γ can partly reverse such transformation 
(Chen et al., 2004; Moreno et al., 2004).   A truncated isoform of B56γ has 
been found upregulated in malignant melanomas (Ito et al., 2003).   

Tau is hyperphosphorylated and aggregated in the brain tissue 
plaques of Alzheimer’s disease patients.  B55α directs PP2A towards Tau 
and dephosphorylates it but activity of PP2A is significantly lower in cells 
affected by Alzheimer’s disease, possibly due to loss of PP2Ac methyltrans-
ferase (Sontag et al., 2004; Zhou et al., 2006), but methylation of the PP2Ac 
C-terminus is absolutely required for formation of B55α containing holoen-
zyme (Yu et al., 2001).    

Finally, a mutation in the E3 ligase MID1 that is responsible for 
PP2Ac degradation, causes X-linked Optiz syndrome, characterized by de-
velopmental defects (Trockenbacher et al., 2001), and an extension in B55β 
causes one form of the neurodegenerative disorder spinocerebellar ataxia 
(O'Hearn et al., 2001).    

It has become evident that the PP2A is strictly regulated in a com-
plex and elegant manner.  However, the detail and molecular mechanism of 
this regulation have only just begun to rear its beautiful head.  This thesis 
describes the structure of two PP2A regulators, PTPA and B56γ, which have 
somewhat furthered our understanding of the fascinating and elusive dephos-
phorylation system that is PP2A. 
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Structural studies of PTPA 

 

Biological role of PTPA 
PTPA is a very conserved enzyme that regulates PP2A activity.  De-

leting it in yeast is lethal (Fellner et al., 2003; Rempola et al., 2000) It was 
once believed to function as a PP2A phosphotyrosyl activator and then 
PTPA stood for phosphotyrosine phosphatase activator.   However, it be-
came apparent a few years ago that in those studies (Cayla et al., 1990; Van-
hoof et al., 1994) only a background increase in phosphotyrosyl activity was 
being measured and the real impact of PTPA on PP2A activity was on the 
ser/thr specific dephosphorylation.  PTPA was therefore renamed protein-
phosphatase two A activating protein.  PP2Ac is reactivated by PTPA from 
an inactive conformation in complex with PME-1 (Fellner et al., 2003; 
Longin et al., 2004).  It is critical for PP2A biogenesis in yeast (Fellner et al., 
2003; Rempola et al., 2000), possibly as a key player in a gating mechanism 
where the PP2Ac is in an inactive state in complex with first PME-1, and is 
then activated by PTPA in complex with PP2Aa, thus avoiding free PP2Ac 
running amok in the cell (Fellner et al., 2003; Hombauer H, 2007).   The 
surprising discovery of Shi’s group that human PP2Ac does not contain the 
active site metals when in its inactive state complex with PME-1 (Xing et al., 
2008) supports these findings and makes the suggestion of Fellner et al. of 
PTPA as a PP2A specific metal chaperone of interest again (Fellner et al., 
2003).    

 
 Fellner et al. are not alone in suggesting possible assignments of 

PTPAs biochemical function. PTPA has been shown to have peptidyl prolyl 
cis/trans isomerase (PPIase) activity in vitro, which may act specifically on 
P190 in PP2Ac (Jordens et al., 2006).  Furthermore, the yeast PTPA ho-
mologs Rrd1 and Rrd2 interact with the conserved Tap42 protein. Tap42 and 
PP2Ac from yeast also form a complex, participating in the TOR (target of 
rapamycin ) signaling pathway (Beck and Hall, 1999; Inoki et al., 2005).    
Rrd1 and Rrd2 may form a trimer with Tap42 and PP2Ac that is active and 
has specific substrate specificity (Prickett and Brautigan, 2006; Zheng and 
Jiang, 2005).       
PTPA is an essential enzyme critical for the proper function of the ubiqui-
tous and abundant PP2A system (Fellner et al., 2003; Rempola et al., 2000).  
However, the biochemical activity of PTPA is still under debate and four 
very different suggestions have been put forth regarding how PTPA func-
tions.  It has been suggested to be a ATP dependant PPIase, a metal chaper-
one, phosphotyrosyl phosphatase activator and a novel PP2A regulatory 
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subunit.  Although these suggestions are not mutually exclusive, the elucida-
tion of the role(s) of PTPA in the PP2A system remains an exciting chal-
lenge.  

Structure of PTPA 
We have determined the structure of human PTPA, published 

as an accelerated online publication in Journal of Biological Chemistry in 
June 2006 (Magnusdottir et al., 2006) and in August the same year two pa-
pers on the structure of PTPA were published in Molecular Cell (Chao et al., 
2006; Leulliot et al., 2006).   We solved the structure with MAD phasing to 
1.6Å and refined to R and Rfree of 15% and 18%, respectively.  We showed 
that PTPA has an all α-helical and novel protein fold.  A peptide binding site 
was suggested (peptide shown in grey in figure 4B) and a deep and con-
served cleft identified (Cleft 2 in figure 4B) as a likely site for binding inter-
acting molecules.  We were not able to find any support for the claims that 
PTPA binds ATP or that it is a PPIase (Magnusdottir et al., 2006).   

The two Molecular Cell papers could however show structure 
based results indicating that the base moiety of ATPγS binds into the deep 
and conserved cleft (Cleft 2 in figure 4B) (Chao et al., 2006) and that a syn-
thetic peptide (suc-AAPK-pNA) used in PPIase assays, bound to a   
 
 



 
Figure 4:  A.  Space filling model of the PP2A holoenzyme solved by (Cho and Xu, 
2007; Xu et al., 2006) B.  left: A cartoon representation of PTPA colored from the 
N- to the C-terminus. Right. PTPA shown as a space filling model colored by con-
servation degree (red: completely conserved, blue not conserved).  PTPA has a 
novel fold with two clear clefts; a conserved and deep cleft (cleft 2) likely to be in-
volved in  binding other molecules and cleft 1 that is less conserved.  A bound pep-
tide  is shown as a grey stick model.  C. A cartoon representation of two PTPA 
structures superimposed, one in complex with ATP (PTPA in cyan, ATP in dark 
blue, pdb code 2HV7) and the other in a dimeric form with a synthetic PPIase sub-
strate suc-AAPK- pNA (substrate in yellow, PTPA in green and magenta, pdb code 
2IXP) 
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dimer of PTPA from yeast (Leulliot et al., 2006). The two Molecular Cell 
papers are however in strong contradiction to each other.  There is very little 
room for two PP2Ac molecules that are to be isomerized, at a PTPA dimer 
interface.  Furthermore, according to Chao et al., a complete ATP binding 
site is formed at the interface of PTPA and PP2Ac, which is altogether im-
possible if PTPA is to be dimerized for PPIase activity, for which ATP is 
necessary (Chao et al., 2006; Leulliot et al., 2006) (figure 4C).  Additionaly, 
superimposing the two structures on each other shows that ATPγS cannot 
bind at the binding site identifed by Chao et al. in a PTPA dimer because this 
binding site is a site for dimer interaction (figure 4C). The two papers further 
contradict each other regarding the phosphotyrosyl phosphatases activity and 
ATP hydrolysis.  In line with the latest work on PTPA activity Leulliot et al. 
ignore the phosphotyrosyl phosphatases activity of PP2A altogether while 
Chao et al. use it for basic biochemical explanation of PTPA activity.  Chao 
et al. detect considerable ATP hydrolysis while Leulliot et al. do not (Chao 
et al., 2006; Leulliot et al., 2006).  It is possible that the ATP hydrolysis, 
which is a dephosphorylation reaction, is performed by a poorly active and 
unspecific portion of the PP2Ac population, that can also be responsible for 
the phosphotyrosyl phosphatases activity (Fellner et al., 2003). 
 
In the paper of Jordens et al. on the PPIase activity of PTPA, the P190 of 
PP2Ac is thought to be the proline isomerized.  They tested peptides corre-
sponding to all prolines in PP2Ac and surrounding residues. P190 was iden-
tified through peak broadening in an NMR spectrum.  Such peak broadening 
can also result from molecular interactions.  This peak broadening was ob-
served in a dodecamer of L186-L198 from PP2Ac where two prolines, P190 
and P194 are present. P190 was thought to be the residue isomerized as peak 
broadening was still observed for the P194A substituted peptide.  The re-
verse (that is P190A) was not demonstrated (Jordens et al., 2006) therefore it 
is plausible that if the peak broadening is due only to interaction of the 
PTPA and the peptide, that P194 is not a key player in that binding.   Leul-
liot et al. also use similar NMR peak broadening results to show that a pep-
tide from PP2Ac is indeed isomerized but their results could possibly also 
indicate merely an interaction between a long peptide and PTPA.  There is 
some inconstancy between the NMR and PPIase assay results for the PTPA 
mutants presented in their paper that may supports this (Jordens et al., 2006; 
Leulliot et al., 2006).   

The structure of the PP2A core dimer and holoenzyme was pub-
lished only a few months after our JBC and the Molecular Cell papers on the 
PTPA structure.  This structure now serves as a basis for interpreting the 
suggestions for a PPIase activity of PTPA.  The suggested substrate proline 
of PP2Ac, P190 is surface exposed. However, it is not a part of the active 
site of PP2Ac, but is situated at the base of a hydrophobic pocket that binds 
the inhibitors okadaic acid or microcystin-LR in the structures of PP2Ac 
available (Cho and Xu, 2007; Xing et al., 2006; Xu et al., 2006).  This 
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pocket is also at the heart of PME-1 binding (Xing et al., 2008).  Relevance 
of  PPIase activity of PTPA and the isomerization of P190 in the activation 
of PP2Ac requires that the hydrophobic pocket can be assigned a direct, yet 
to be defined, role in catalysis.   

PTPA reactivates inactive PP2Ac that is in complex with PME-1 
(Fellner et al., 2003; Hombauer H, 2007; Longin et al., 2004). The Shi group 
has now determined the structure of PME-1/PP2Ad complex where P190 of 
PP2Ac is in its trans conformation as in the structure of the holoenzyme 
(Cho and Xu, 2007; Xing et al., 2008; Xu et al., 2006), implying that no 
PPIase activity is required for activation of PP2Ac from the inactive PME-1 
complex form, although the trans conformation in the holoenzyme might be 
induced by the inhibitors.  Intriguingly, the deletion of PME-1 in yeast has 
no detectable phenotype (Wu et al., 2000) indicating a non-crucial role of 
this enzyme while knocking out the PME-1 gene in mice is lethal (Ortega-
Gutiérrez et al., 2008). Combined these data underline the need for further 
investigations before accepting this activity and opens for the possibility that 
the PPIase activity of PTPA could be a biochemical in vitro artifact, just as 
the previously proposed phosphotyrosyl activity.  
 

The construct we used in our study of PTPA was tagged with a puri-
fication tag that made an intermolecular interaction with PTPA.  We sug-
gested based on the structure and sequence comparisons that the surface 
where the peptide binds is indeed a  hot spot for binding and could be where 
PTPA interacts with the catalytic subunits. This proposal is consistent with 
mutagenesis studies made by Chao et al.  (Chao et al., 2006; Leulliot et al., 
2006).  It can however, not be excluded that the tag and the linker region has 
masked interactions in our biochemical and soaking studies, which could 
explain why we don’t see any evidence of ATP or PPIase substrate binding. 
 
 

The structure of the PP2A regulatory subunit 
B56γ  
 

 
 

B56γ is a nuclear PP2Ab participating in transcription control.  It has been 
implicated in cancer through several mechanisms (for a recent review, see 
(Arnold and Sears, 2008)) and it is the only regulatory subunit whose struc-
ture has been solved in complex with PP2Ad.  We have solved the structure 
of the free B56γ , initially as a part of a bigger effort in solving the structures 
of individual PP2A regulators as well as complexes with the core dimer.  
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After the structure of the holoenzyme was published, the structure of the 
regulatory subunit has turned out to be very informative in understanding the 
assembly of the heterotrimeric PP2A complex.  
 
 

Structure of the free B56γ  
 A truncated variant of the B56γ protein was crystallized using MPD as pre-
cipitant.  The crystal had a rather high solvent content (57.6%) and the pro-
tein molecules are quite flexible in the crystal, as indicated by high B-values.  
This was apparent already during the synchrotron data collection when the 
diffraction pattern had attributes of strong diffuse scattering characterize of 
large thermal motions in the crystal (Wall et al., 1997).   
The structure of the B56γ regulatory subunit was solved using MAD phas-
ing, and refined to an R and Rfree of 21% and 26%, respectively at 2.6Å reso-
lution.  The protein has the general elongated bent shape of a boomerang and 
is comprised of 8 HEAT like repeats (7 are present in this structure) (figure 
5A).   
HEAT repeat proteins are members of the ARM-superfamily that contain ca. 
40 residue long repeats of two helices connected by a short loop, although 
long intra repeat loops can also be found.  Many of the ARM-superfamily 
proteins are so called scaffolding proteins connecting two or more interact-
ing proteins. The HEAT repeats pack against each other to form an elon-
gated structure bent to a varying extent, with a hydrophobic core.  They are 
then capped by special N- and C-terminal repeats to protect the hydrophobic 
core (Andrade et al., 2001; Conti and Izaurralde, 2001; Main et al., 2005).  
Interestingly, the hydrophobic core of the HEAT repeat proteins is 
loose/flexible and upon binding of interaction partners, the core can realign, 
drastically altering the relative orientation of the HEAT repeats to each other 
such as, for example, when Importinβ binds Ran (Conti and Izaurralde, 
2001) or when PP2Aa binds PP2Ac and PP2Ad binds B56γ (Cho and Xu, 
2007; Groves et al., 1999; Xing et al., 2006).   
The construct used in our study is truncated in the last HEAT like repeat 
(E380 is the last residue).  In retrospect, truncating at this point was probably 
not optimal, as this truncation proved to be in the middle of a helix of the 8th 
repeat (Cho and Xu, 2007) exposing the hydrophobic core.  However, it has 
been essential to generate good crystals since it artificially generates a dimer, 
and a tail-to-tail interaction between two crystallographic neighbors is seen 
in the crystal lattice.  P371, M370 and L367 from both molecules form this 
dimer inducing hydrophobic core.  When superimposing our structure of free 
B56γ to the one of B56γ from the PP2A heterotrimer, which contains an 



intact last repeat, it appears that the last helix from the 

 
Figure 5: The structure of the free B56γ  colored by HEAT repeats. B. Superimposi-
tion of the free B56γ and B56γ  from the holoenzyme (pdb code 2IAE).  C. The bind-
ing pocket for the invariant C-terminal tail of the PP2Ac is tighter in the holoenzyme 
form.  Shown here is a zoom in of the binding pocket between IRL5 and IRL6.  The 
B56γ free form in magenta has been superimposed on the B56γ in the holoenzyme 
complex and is shown  to the left together with the PP2Ac from the holonezyme.  
B56γ  in the holoenzyme complex in green to the right together with the PP2Ac from 
the holonezyme. The PP2Ac is shown as a blue stick model.  PP2Aa has been omit-
ted for clarity. The PP2Ac C-terminal tail and its binding pocket have been modeled 
in different ways in the two holoenzyme structures available (pdb code 2npp shown 
here, 2iae not shown) but this tighter confomation of the C terminal tail binding 
pocket  

 
symmetry related molecule substitutes the missing concave side helix in our 
constructs.   
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The loops connecting the helices of HEATs 1 and 2 in B56γ are un-
usually long for a HEAT repeat protein and the density for them is poor; 
parts of IRL2 are missing completely.  All loops have somewhat poor side 
chain density but good backbone density, except IRL2.  
 

B56γ  in its free and holoenzyme forms 
The structure of B56γ in the holoenzyme complex was solved independently 
by two groups in 2006 (Cho and Xu, 2007; Xu et al., 2006) while we were in 
the model building process of our free form.  The structure constitute the 
first, and so far the only PP2Abs free form, and makes it possible to discern 
some of the conformational changes that take place in a PP2A regulatory 
subunit upon holoenzyme assembly (figure 5B).  Comparisons show that the 
B56γ from the holoenzyme has a slightly more extended conformation and 
the overall rot mean square deviation (rmsd) is 1.47 Å over 287 backbone 
Cα.  Locally, 3 intra repeat loops, IRL2, 4 and 6, show significant conforma-
tional differences of the backbone and some side chain rearrangements are 
also observed.  Interestingly, the conformational changes in backbone atoms 
are mainly at sites interacting with the PP2Ac in the holoenzyme, while the 
residues interacting with the PP2Aa show mainly conformational changes of 
the side chains.   
IRL2, which is disordered in the free B56γ, is ordered in the holoenzyme 
structure where a conserved acidic cluster makes a salt bridge with a con-
served arginine of PP2Ac close to the active site, possibly changing catalytic 
activity or substrate access.  
IRL4 is involved in intramolecular noncovalent interactions as well as in-
termolecular interactions with the PP2Aa and PP2Ac.  It can be noted that 
parts of IRL4 have been modeled in different ways in the two holoenzyme 
structures.  Therefore, although intriguing, the significance of the conforma-
tional change of this loop is hard to decipher at this point. 
IRL6 however, forms a part of the binding pocket for the invariant C-
terminal tail of PP2Ac.  This tail is subjected to methylation and phosphory-
lations that regulate the interaction with the PP2Ab (Chen et al., 1992; Da-
muni et al., 1994; Ogris et al., 1997; Tolstykh et al., 2000; Wu et al., 2000). 
IRL6 is not close to or involved in any major crystal contacts in the free 
B56γ, and the conformational differences at this loop between the different 
forms are both relevant and interesting. 
 

Holoenzyme assembly 
Analysis of the conformational changes in B56γ along with examination of 
the PP2A literature indicated a certain order of events in the holoenzyme 



assembly process (figure 6).  The complex is formed when the PP2Ad binds 
a PP2Ab. A plausible scenario is that B56γ first interacts with PP2Aa as the 
conformational changes at the interaction sites with PP2Aa are small indicat-
ing a lower entropic component and a lower energy for binding.  Further-
more, it has been shown that the PP2Aa and B56γ can form a complex with-
out PP2Ac (Li and Virshup, 2002).  We suggest that the long and flexible 
IRL2 is next to establish its binding on PP2Ac and that subsequently other 
interactions between B56γ and the helical domain of PP2Ac take place.  This 
induces the conformational changes, such as for example the 6Å change in 
IRL6, necessary for the correct conformation of the binding pocket of 
PP2Ac C-terminal tail.  As a last step of holoenzyme assembly the C-
terminal tail of PP2Ac can settle in its binding pocket (figure 5C).  Accord-
ing to this scenario, the C-terminal tail of PP2Ac  
 

 
Figure 6: Proposed mechanism for PP2A holoenzyme assembly 

does not initiate holoenzyme assembly, which might seem somewhat con-
troversial in light of the crucial role it plays in PP2A regulation (Chen et al., 
1992; Damuni et al., 1994; Ogris et al., 1997; Tolstykh et al., 2000; Wu et 
al., 2000).  Xu et al. have solved the structure of the PP2A holoenzyme with 
a truncated PP2Ac missing this tail.  They show that the holoenzyme struc-
tures with and without the C-terminal tail of PP2Ac are virtually identical (at 
3.2 Å resolution), implying that it is not necessary for holoenzyme assembly.  
We instead suggest that the C-terminal tail works as a barrel bolt lock for the 
complex, ensuring a stable holoenzyme where the posttranslational modifi-
cations modulate this function depending on which regulatory subunit is 
present.  Alternatively, the posttranslational modifications of the C-terminal 
tail of PP2Ac function primarily for other PP2A regulators, where it can 
serve as a flag directing the PP2Ac into distinct holoenzyme complexes.  
These suggestions are not mutually exclusive. 
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Methods in Protein Production 

Escherichia coli as an expression host 
Whether the structure of a protein is determined by NMR or X-ray crystal-
lography, large quantities of homogeneous protein are required.  Purification 
directly from the host is seldom feasible due to high cost, very low yields, 
inefficient purification steps and heterogeneity, and for human proteins 
availability is a major challenge.  The protein of interest is therefore usually 
produced from an recombinant expression system.  
 E. coli is by far the most common host used for heterologous expression of 
recombinant proteins.  It has several important advantages over other avail-
able hosts, such as low cost, rapid growth, simplicity and easy handling.  
Furthermore, it has been extensively studied and its physiological properties 
are therefore well known, and many different expression vectors and strains 
are available (Baneyx and Mujacic, 2004).  However, many eukaryotic pro-
teins cannot be expressed in a soluble form in E.coli, but aggregate in an un- 
or partly-folded state and can only be isolated from inclusion bodies (Gasser 
et al., 2008).  Although refolding from inclusion bodies has resulted in a 
soluble and active biomolecule in some cases, it has several disadvantages 
that limit its usefulness.  In a high throughput context, the biggest one is the 
nongeneric nature, i.e. optimization for each protein is needed, low yields 
and relatively high cost regarding both time and money (Sorensen and 
Mortensen, 2005).  Expression in other systems such as cell free transcrip-
tion and translation and in higher eukaryotes such as baculovirus expression 
in insect cells or mammalian cells, have the disadvantage of high cost and 
being very technically challenging.  The latter are also time consuming and 
recovery yield is low.  Expression in yeast cells is another approach which 
for most protein only shows low yields of expression, However, the prob-
lems of missing necessary binding or folding partners or post translational 
modifications that often lead to aggregation in bacterial expression hosts 
such as E.coli, are often circumvented in the eukaryotic systems (Endo and 
Sawasaki, 2006; Forstner et al., 2007). 
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Structural genomics and protein production 
Structural Genomics Projects (SGP) have as their ambitious aim to map the 
3D biomolecular structural space.  Although initial progress was somewhat 
slow and disappointing, SGPs now contribute to half of the novel structures 
deposited in the PDB (Levitt, 2007).  SGPs are contingent upon successful 
expression and purification of large quantities of hundreds of different pro-
teins.  In protein production of such caliber the advantages of E.coli as an 
expression host become particularly important and it is still the dominant 
expression host tested (Consortium, 2008), although cell free systems are 
also utilized.  Expression in insect or mammalian cells is not used unless 
other expression hosts have failed or the target protein is expected to be par-
ticularly cumbersome to express (Braun and LaBaer, 2003; Manjasetty et al., 
2008).  Statistics from several SGPs show that less than 25% at best of pro-
teins from higher eukaryotes can be solubly expressed with current methods 
(http://targetdb.pdb.org/statistics/TargetStatistics.html as of July 10 2008).  
Success of expression of soluble eukaryotic proteins in E.coli is somewhat 
lower even when combined with minor rescue operations such as construct 
design, solubilization tagging, introduction of extra chaperones or codons to 
the host, etc . Again, at the very best less than 30% of purified proteins can 
then be crystallized (Dale et al., 2003; Manjasetty et al., 2008) and 
http://targetdb.pdb.org/statistics/TargetStatistics.html as of July 10 2008). 
3D structures from SGPs are available for only 5% of successfully cloned 
targets.  Structural genomics is slowly entering the post low hanging fruit 
era, where more recalcitrant proteins need to be produced and crystallized.  
Therefore it is of great importance for structural genomics to be able to in-
crease the throughput of soluble protein expression, keeping the cost and 
scale manageable.   

The CoFi blot 
 

We have developed a novel colony based screening method, the 
Colony Filtration (CoFi) blot, for identification of clones expressing soluble 
protein from larger clone libraries.  It can, for example, be used to screen any 
in vitro evolution library, or a library of pooled wild type proteins of interest, 
e.g. of an organism or of a functional pathway.  

An important advantage of the CoFi blot as compared to other col-
ony based screening methods is that it relies only on a small tag, most often 
the 6xhis purification tag for detection of soluble expression.  Therefore no 
recloning is required before scale up and purification of the protein. Fur-
thermore, a small tag does not artificially, solubilize the protein as is the case 
for other methods using larger protein tags. Another main advantage com-
pared to e.g. the GFP fusion method used by many other laboratories, is that 



the CoFi blot also reports solubility of the target while the GFP method is 
proposed to only report the folding state of the target protein (Cabantous and 
Waldo, 2006; Savva et al., 2007).  However, novel implementations of the 
GFP method as a split variant is a significant improvement when it also re-
ports solubility of the target in the E.coli cell. The CoFi blot has the advan-
tage of also reporting solubility after the cells have been lysed and cell debris 
has been filtered away, which means that it partially simulates the scale up 
process of a protein. 

 

Procedure of the CoFi blot 

 
Figure 7:  The CoFi blot method. Any DNA library in an expression vector can be 
screened for soluble expression of target protein 

For screening with the CoFi blot, a DNA library is transformed into 
an expression strain and plated on an agar plate with antibiotics. The follow-
ing day the colonies are lifted with a hydrophobic Durapore membrane and 
transferred to a new agar plate containing antibiotics and IPTG for induction.  
The colonies are induced on the Durapore membrane for a defined induction 
time. In the next step it is placed on top of a nitrocellulose membrane that 
has been laid on top of a Whatman paper soaked in lysis buffer.  After 30 
minutes, 3 cycles of freeze thawing are carried out to complete lysis.  Solu-
ble proteins will diffuse through the Durapore membrane and adhere to the 
nitrocellulose.  The nitrocellulose membrane is blotted by immunochemical 
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methods against the 6xhis tag to identify colonies expressing soluble pro-
teins. The CoFi blot is then compared to the original plate that was left to 
regrow over night.  Positive colonies are identified and picked for further 
verification of soluble expression in liquid cultures (see figure 7). 

 Inclusion bodies and soluble proteins are usually separated by cen-
trifugation at high speed (>30,000g) but in the CoFi blot this is done by fil-
tration.  The filtration step of the CoFi blot was compared to centrifugation 
in a test set of 87 constructs and 73 showed good correlation.  It is possible 
that the solubility of some of the constructs that did not correlate was below 
the detection limit of the CoFi blot and therefore could not be predicted as 
soluble.  The CoFi blot was also shown to be reproducible (Cornvik et al., 
2005).   

 

Screening of an DNA library with the CoFi blot 
A test set of 19 proteins that could not be expressed as soluble full 

length proteins in E.coli, were subjected to in vitro evolution and a library of 
random N-terminal truncations was created.  The library for each target was 
then screened with the CoFi blot and colonies expressing soluble protein 
could be detected for all but 2.  24 positive colonies were picked from each 
CoFi blot and used in small scale purification and dot blot analysis.   Those 
clones that were confirmed to produce purifiable constructs from liquid cul-
tures were analyzed on SDS-PAGE.  A clear band could be observed for 14 
out of the 17 proteins on the gels.  The size of the purifiable constructs was 
determined by DNA sequencing.  The translational start of the soluble con-
structs correlated surprisingly well with domain borders predicted for the 
proteins by two bioinformatics programs (Cornvik et al., 2006). 

 
 

Limitations to IMAC 

IMAC and the 6xhis tag 
IMAC is a very powerful and widely used method for the purification of 
recombinantly expressed proteins.  A particularly common variant is the 
purification against a polyhistidine fusion tag that binds to a divalent cation, 
usually nickel or cobalt, immobilized on a resin.  This is the single most used 
purification method in SGP due to its many important advantages; it is ro-
bust and generic, the purification materials used are cheap and tolerate with 
both native and denaturing conditions and the small size of the tag makes it 
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compatible with most biochemical studies of the recombinant protein 
(Bornhorst and Falke, 2000; Braun and LaBaer, 2003; Consortium, 2008; 
Gaberc-Porekar and Menart, 2001; Nilsson et al., 1997; Waugh, 2005). 
 A common setup in a SGP laboratory is a recombinant ex-
pression of the target protein fused to 6xhis in E.coli followed by IMAC 
purification and one more purification step, such as size exclusion chroma-
tography.  This usually yields a target protein pure enough (>95%) to start 
crystallization trials (Consortium, 2008).   However, when the target protein 
cannot be recombinantly expressed over the levels of the host proteins, this 
setup does not yield pure target protein.  Intriguingly, increasing the number 
of cells, that is the lysate volume, loaded on the columns does not increas 
yield of soluble target protein.  This observation has been explained by the 
presence host proteins that, by low affinity binding, are able to compeat out 
the target protein (Bolanos-Garcia and Davies, 2006; Hengen, 1995).  We 
studied the purification of 6xhis tagged proteins on a nickel resin and have 
found that this is not the case.  
 

Migration of a target protein on IMAC columns 
Somewhat surprisingly, we saw that E.coli lysate without re-

combinant overexpression causes migration of an already bound 6xhis 
tagged target protein, here 6xhis tagged GFP. Intriguingly, this corresponds 
with leakage of metal ions from the column, where the lysate apparently not 
only washes 6xhis tagged proteins of the column but also detaches metal 
ions from it which can then be found in the flow through.  Previously, metal 
ion leakage has been reported from IMAC resins and different resins have 
different susceptibility towards metal ion leakage (Schafer et al., 2000).  
However, in practice, resins that have been reported to be resistant to metal 
ion leakage also display a significant amount of metal in the samples eluted 
from the columns (Oswald et al., 1997).  This is consistent with our observa-
tions that 6xhis tagged GFP also migrates on columns claimed to be highly 
resistant to metal ion leakage. 

These results indicated to us that an unknown component of 
E.coli lysate extracts or expels metal ions from IMAC columns resulting in a 
lower binding capacity of the column.   In an effort to better understand and 
characterize our observations, 6xhis tagged GFP was used as a test protein 
throughout the study. 

 

Desalting of lysate before loading on IMAC 
 A “common knowledge” regarding IMAC purifications is 

that a 6xhis target protein present at low levels in E.coli lysate cannot be 
separated from the proteins of the host due to the competition with the latter 



for the binding sites on the columns.  To test this “common knowledge”, we  
diluted lysate of E.coli recombinatly overexpressing 6xhis tagged GFP  with 
lysate of E.coli without recombinant overexpression to simulate the condi-
tions of a protein present at low levels in lysate.  We separated the high and 
low molecular weight components of this simulated low level protein by 
desalting and analyzed the effect the two fractions (figure 8) had on binding 
of a simulated low level protein in lysate on an IMAC column as compared 
to the same lysate containing both low and high molecular weight compo-
nents.   We have found that competition with other proteins is not a problem 
in purification of a 6xhis tagged target protein present at low levels in lysate. 

 

 
Figure 8: Desalting chromatogram.  Shown in a whole black line is the absorbance 
at 280nm and in a dotted line is the conductivity. Fractions to the left of the vertical 
line are the protein fractions; the fractions to the right are the low molecular weight 
components.  

On the contrary, our results clearly show that if the proteins are separated 
from low molecular weight components of lysate before loading on an 
IMAC column, the column does not loose its binding capacity as it does in 
the case of full lysate.  Accordingly, for very large lysate volumes of a simu-
lated 6xhis tagged target protein present at low levels in lysate an IMAC 
column is able to bind an order of magnitude more of the target protein when 
using the protein fraction of desalted lysate as compared with the full lysate 
(figure 9 and 10).  The loss of binding capacity caused by lysate cannot be 
completely reproduced by the low molecular weight components. In figure 9 
the yield of 6xhis tagged GFP, a simulated 6xhis tagged target protein pre-
sent at low levels in lysate, after different treatments of the same lysate stock 
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can be seen.  The loss in binding capacity corresponds to the nickel ion leak-
age from the columns during lysate loading (figures 9 and 11).  Columns 
treated with full lysate or the low molecular weight components of lysate 
loose approximately half of their nickel upon lysate loading while the nickel 
leakage from a IMAC column loaded with the high molecular weight com-
ponents of lysate looses only slightly more of its nickel than an IMAC col-
umn loaded with buffer (figure 11).  

 
Figure 9: The yield of GFP protein after loading with different lysate variants on 
IMAC columns measured using the absorbance at 280 nm or fluorescence.  Lysate is 
the GFP lysate diluted with empty lysate loaded directly, low Mwt. is the GFP lysate 
diluted with the low molecular weight components from desalting, proteins is the 
protein fraction from desalting of GFP lysate diluted with empty lysate, buffer is 
GFP lysate diluted with buffer and 5 mL is the GFP lysate diluted with empty lysate 
loaded on 5mL IMACcolumn.  Buffer all and 5 mL all is the amount of protein when 
a larger elution volume was pooled and measured (10 mL instead of 6 mL) 
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Figure 10: SDS-PAGE  gel on the pooled elution fractions shown in figure 9. See 
figure 9 for capitation. 

Who is to blame? 
We see a strong concurrence in the pattern of loss in binding 

capacity and nickel ion leakage of IMAC columns that has led us to believe 
that the loss in binding capacity is a result of loss of the immobilized nickel 
of the columns.  We also see that the low molecular weight components of 
E.coli lysate cause both the nickel ion leakage and loss in binding capacity.  
The low molecular weight components either extract or expel nickel from 
the columns.  We did preliminary studies on both possible extractors and 
expellers but have not been able to convince ourselves of either mechanism.  
We find it likely though that chelators in E.coli lysate extract the nickel from 
the IMAC column upon loading.   

No matter what the cause, it is clear that IMAC purifications 
are not, in the form used in most SGP labs today, nearly as generic as previ-
ously believed.  It is clear that a study where the low molecular weight com-
ponent that causes loss in binding capacity and nickel leakage is identified 
and eliminated, is very urgent and has the potential to alter IMAC purifica-
tions so that it can be used for purifying proteins present at low levels in 
lysate routinely.   
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Figure 11: Analysis of the nickel content of different fractions after loading on 
IMAC column.  Full lysate, the low molecular weight components of lysate (low 
mwt. comp), lysate without the low molecular weight components (proteins only) 
and no lysate (buffer).  Flow through is the amount of nickel detected in flow 
through under loading, metal elution is the amount of nickel left on the column after 
loading and the total Ni calc. is the sum of the first two values. 
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Summary  

Two structures of PP2A regulators have been solved; those of B56γ and 
PTPA.   

PTPA is an essential protein important for the proper function of the 
ubiquitous and abundant PP2A system (Fellner et al., 2003; Hombauer H, 
2007; Rempola et al., 2000).  However, the MO of PTPA is still unclear.  
Whether PTPA is a PPIase, a phosphotyrosyl phosphatase activator, a metal 
chaperone, a novel regulatory subunit or something else, it is clear that there 
are contradictory data and interpretations in previous studies which needs to 
be resolved before the assignment of a correct biochemical activity for 
PTPA. 

The structure of a free PP2Ab, B56γ, has allowed us to propose a 
mechanism for holoenzyme assembly.  We believe that the C-terminal tail of 
PP2Ac is not a critical initiator of the assembly; rather that it is a last step of 
the process.  A highly flexible loop on the B56γ that is conserved in the B56 
family, is a likely candidate for reining in the heterotrimeric complex by 
interaction of its acidic cluster with an arginine on PP2Ac.  The scenario 
proposed in figure 6 needs be verified.   

Two studies addressing challenging protein production problems 
have been described; The CoFi blot is a novel method developed in our 
group that allows for screening for expression of soluble recombinant pro-
teins on colony level from any DNA library.  The CoFi blot is a powerful 
method to identify clones overexpressing recombinant target proteins.  It is 
suitable for SGPs as the clones identified can be used for scale up directly 
after verification, that is, no recloning is required.  Furthermore, the 6xhis 
purification tag is utilized for identification of soluble overexpression of 
recombinant proteins, which is the most widely used purification tag in 
SGPs (Consortium, 2008). 

We have examined the well established IMAC purifications and de-
tected and characterized severe limitations of it.  We have also found ways 
to circumvent these limitations.  Our findings have the potential to greatly 
improve the yield of target protein that can not be over expressed in high 
amounts, but even to increase the yield of well behaving proteins that are 
easily over expressed and can now be purified in tens of mgs from IMAC 
column instead of only a few mgs.  We believe that this effect cannot be the 
result of bad effects on the target protein or the polyhistidine tag as total 
protein binding is decreased accordingly (figure 9).  When an IMAC column 
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is exposed to lysate it loses the binding affinity it has for 6xhis tagged pro-
tein through an unknown mechanism involving low molecular weight com-
ponents of E.coli lysate, possibly metal chelators, but not other proteins.   
We have seen this effect with different types of buffers, experimental setups 
and researchers.  We urge protein producers to consider the consequences of 
loading E.coli lysate on an IMAC column and to take precautions so as not 
to waste valuable time and money on purifications yielding no, or very little, 
target protein.   
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 Future perspective  

 
The future is bright for PP2A structural research.  After more than a dec-

ade of frustrating unsuccessful attempts at determining the structures of the 
PP2A holoenzyme and its subunits, in one year, the structures of the  the 
PP2A activator PTPA and the PP2A holoenzyme and core dimer were de-
termined.  Structures of the core dimer in complex with the simian virus 40 
small T antigen (Chen et al., 2007; Cho et al., 2007) and with the PME-1, the 
methyl esterase (Xing et al., 2008) soon followed as did the structure of the 
free B56γ PP2Ab.  However, a myriad of exiting and hopefully informative 
research is on the horizon.  The assignment of the correct biochemical action 
of PTPA as well as a structure of the complex of PTPA with the core dimer 
is acute.  The structural determination of a PP2A holoenzyme with a member 
of one of the other PP2Ab families will shed further light on the molecular 
mechanisms behind holoenzyme assembly and recognition of the PP2Abs.   
An especially exiting project is the elucidation of substrate recognition at the 
molecular level.  Very little is know about substrate recognition; about how 
and when substrate is recognized, and about the effect of substrate binding to 
the PP2A holoenzyme.  Studies on this subject will be of paramount impor-
tance for PP2A research.   

 
 Things are also looking a little bit brighter for protein production.  The Cofi 
blot has the potential to help identify variants of proteins of interest that can 
be recombinantly expressed in a soluble form.  However, it is not yet widely 
used.  Furthermore, we have identified serious limitations to the popular 
IMAC purification method that is likely to make purification of proteins 
present at medium low levels in E.coli lysate, much more efficient.  Hope-
fully, it will also lead to further optimization of the IMAC method so that it 
will be generally applicable to purification of recombinant proteins from 
whole cell lysate, even if the recombinant protein is present at low levels. 
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ningen, för all din hjälp och stöd och den frihet du ger oss doktorander.  He-
lena för dit mod, beslutsamhet och dina kunskaper.  Said för att ha organise-
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