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Chapter 1

Chaperone assisted protein folding
All biological processes require proteins or protein complexes. Before the proteins can
function correctly they have to fold into their three-dimensional structure and assemble into
specific complexes efficiently 1. Generally the folding and assembly process of a protein can
be divided into four steps. The first step concerns the formation of the primary structure (or
amino acid sequence) of the protein at the ribosome. The amino acid sequence contains
information required to specify the three-dimensional conformation of a protein

2,3

. The

second step is the spatial orientation of amino acid residues within a small region of the
sequence into e.g. D-helices and E-strands. This is called the secondary structure. The third
step encompasses the interactions of parts of the sequence that are not close together
(tertiary structure). Amino acids that are apart from each other in the sequence can still
interact, for instance by means of salt-bridges or disulfide bonds. By the formation of these
long-range interactions the three-dimensional structure of a protein is formed. When this
conformation has formed monomeric proteins can start to function in the cell. However,
there is still a fourth step left, which concerns the quaternary structure. This takes into
account that a significant number of proteins are part of a larger oligomeric complex. It is
essential that the structural assembly of different protein subunits is correct, in order to result
in the formation of an active protein complex 4.
These subsequent steps may seem very straightforward and simple, but how amino acid
chains reach their unique three-dimensional conformations still remains one of the
fundamental questions in biology. Initial experiments by Anfinsen

3

in 1973 on the in vitro

renaturation of ribonuclease led to the hypothesis that proteins fold spontaneously.
Therefore, it was long assumed that the folding of newly synthesized polypeptides in vivo
also occurred essentially un-assisted. However in 1987 Jaenicke et al., showed that for
large multidomain, or oligomeric proteins, only a certain percentage of denatured proteins
reached the native state in vitro after folding conditions were initiated 5. The central dogma
of protein folding being a spontaneous process was revised when Ellis et al. 6, showed that
the correct folding of proteins in the cell depended on the activity of pre-existing protein
machineries, which were called molecular chaperones. Originally molecular chaperones
were defined as “a group of proteins that mediate the correct assembly of other proteins, but
are not themselves components of the final functional structure” 6. The term molecular
chaperone was first used in scientific literature by Laskey et al., to describe the function of
nucleoplasmin, a protein that mediates the in vitro assembly of nucleosomes from separated
DNA and histones 7. They found that when DNA was mixed with histones at physiological
conditions, a precipitate formed instantly. However, when the histones were first mixed with
a molar excess of nucleoplasmin before adding the DNA, soluble nucleosomes were
formed. Nucleoplasmin thus mediated the correct assembly of nucleosomes 7.
The molecular chaperone concept was further developed over the years and in 1993
Hendrick & Hartl redefined the term of molecular chaperones. They wrote: ”molecular
11
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chaperones are proteins that bind to and stabilize an otherwise unstable conformer of
another protein and by controlled binding and release facilitate the correct fate in vivo, be it
folding, oligomeric assembly, and transport to a particular cellular compartment or
degradation” 8. The presence of chaperones is required because many cellular processes
rely on the flexibility of the weak interactions that hold proteins in their functional
conformation. In a living cell there is a continuous risk that as a result of the transient
exposure of interactive protein surfaces, incorrect interactions will occur leading to the
formation of nonfunctional structures.
The folding of a polypeptide chain into its biologically active structure was thus not as simple
as initially thought; instead many proteins receive help during this process. And for the
different steps during protein folding, different molecular chaperones are present acting
sequentially in the process 9. It can already start directly after the ribosome has translated
the first part of the mRNA into a polypeptide chain. When the polypeptide chain reaches a
certain length the first part will exit the channel of the ribosome. No longer protected by the
ribosome channel the nascent amino acid chain is prone to aggregate

10,11

. And due to the

close proximity of very many other nascent chains of the same type in the polyribosome
complex, aggregation is very likely to occur. Added to this comes the effect of
macromolecular crowding. For example in the cytosol of Escherichia coli (E. coli) 300 - 400
g/liter of proteins and other macromolecules are present

10,11

. Consequently, the volume the

polypeptide chain has at its disposal to fold is rather limited. Therefore, there is a
requirement for ribosome-associated molecular chaperones, which already act at the very
early stages of protein folding. Their assistance is of crucial importance in vivo as for
example for the productive folding of some protein domains approximately 50-200 amino
acids are required

11-13

. The translation of this number of amino acids by the ribosome

normally takes place on a timescale of seconds (bacteria) to several minutes (eukaryotes).
Hence, for a substantial amount of time the polypeptide chain is likely to be able to form
incorrect interactions, as the time for hydrophobic collapse is only milliseconds

12

. Once

nascent polypeptide chains are released from the ribosome, they can either fold to their
native structure or interact with subsequent chaperones for further folding assistance.
Different types of chaperones recognize different types of exposed unfolded chain segments
9

. The protection of the exposed segments of the polypeptide chain against aggregation

allows the folding to continue safely. After the protein is released from the chaperones the
process can repeat itself several times. Either the released folding intermediates continue
folding by themselves and reach their native structure, or they will subsequently be assisted
by other molecular chaperones. A typical representative of chaperones that recognize
compact folding intermediates by their hydrophobic surfaces is the GroEL-GroES chaperone
machine 9. This chaperone system is at the center of attention in this thesis and will be
described in more detail in next paragraphs.
12
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Chaperones are also able to assist in the oligomeric assembly of proteins into protein
complexes, and transport proteins to particular compartments. In these processes the
different chaperones might be required to bind to various folding intermediates of a particular
protein. This requirement has resulted in the existence of an extended network of molecular
chaperones with the task to significantly enhance the possibilities for a protein to reach its
native conformation. Detailed reviews are available discussing the wide diversity of
chaperone systems present in the cell 9,10,13.
Above it was described that proper protein folding in the cell is a delicate process.
Therefore, it is not surprising that the folding process may go wrong. Protein misfolding and
aggregation is a major threat to all organisms as aggregates are potentially toxic, and
capable of inactivating functional proteins which ultimately will lead to cell death

14,15

. There

are several human diseases known in which certain proteins have been found to be in an
aggregated form i.e. they have not managed to reach their native folded conformation.
Recognition of protein aggregates is a first step to their elimination. Certain molecular
chaperones have been shown to be able to bind and disaggregate protein aggregates, after
which there are several possibilities i.e. productive folding and degradation. Because of this
ability, chaperones are very interesting candidates to assist in the interception of misfolded
proteins. For instance in Alzheimer’s disease, amyloid-E is aggregated and accumulates in
so called plaques. Overexpression of the molecular chaperone Hsp70 can suppress the
toxicity and thereby protect the neurons. How this process exactly works is not fully
understood, but it is hypothesized Hsp70 stimulates the degradation of the accumulated
protein by the proteasome. Other molecular chaperones have also been associated with
neurodegenerative diseases (Table 1).
Table 1. Chaperones associated with protein misfolding diseases
Disease

15,16

Protein

.
Chaperone

x
x

Alzheimer
Alzheimer

x
x

Amyloid-E (AEҗ)
Tau

x
x

x
x
x

Alzheimer
Parkinson
Tumor development

x
x
x

x
x
x

x

Cystic Fibrosis

x

x

Hsp90 and Hsp70

x

Dementia (Lewy bodies)

x

AE40 and AE42
D-synuclein
von Hippel-Lindau tumor
suppressor
Cystic Fibrosis
Transmembrane
Regulator
D-synuclein

Hsp70 and Hsp40
Hsp70, Hsp40, Hsp90 and
Hsp27
DB-crystallin and Hsp27
Hsp70 and Hsp40
Hsp90 and Hsp70

x

x

Amyotrophic Lateral
Sclerosis

x

Superoxide dismutase

x

Hsp90, Hsp70, Hsp60,
Hsp40 and Hsp28
Hsp70 and Hsp40

Because there are these strong links between chaperone function and human protein folding
diseases, chaperones are very interesting targets in the development of therapies for protein
13
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misfolding disorders

15-17

. It is still a huge challenge to unravel the entire cellular process of

chaperone assisted protein folding, not in the least because there is already such a wide
diversity between the chaperone proteins themselves.
Families of chaperones
Molecular chaperones exist in all organisms, all cellular compartments, and are continuously
expressed. However, some of the chaperones are synthesized at significantly increased
levels under stress conditions. These chaperones are also called heat shock proteins

11

. The

activity of these heat-shock molecular chaperones is actually the same as for their
constituently expressed counterparts. They promote the folding of unfolded proteins to the
native state, by preventing aggregation, and solubilization and refolding of aggregated
proteins. The structures and activities of the different chaperone families are various. The
names of various chaperones families are derived from the fact that these proteins were
originally identified because their expression was induced upon heat shock, as well as the
molecular mass of the family members. The different families are Hsp100, Hsp90, Hsp70,
Hsp60 and the small heat shock proteins (sHsps)

10,18

. Except for the sHsps all other

families are known to be ATP dependent.
The Hsp100 chaperone family has a global unfolding activity and hence is able to disrupt
small aggregates

14,19

. The Hsp90 family is distinct from the other chaperone proteins in that

it only binds to substrate proteins that have a near native conformation, and not to nonnative, nascent chain polypeptides or folding intermediates

20,21

. Nascent chain protein

folding is generally assisted by chaperones from the Hsp70 family. These chaperones
function in concert with co-chaperones, and together they form a set of abundant cellular
machines, that can assist a wide variety of protein folding processes. Besides the folding
assistance that the Hsp70 chaperone machine provides for nascent chains, it can assist in
the refolding of misfolded and aggregated proteins, in membrane translocation of organellar
and secretory proteins, and in the proteolytic degradation of unstable proteins

18,22-24

.

Together with the chaperones from the Hsp70 family, the Hsp60 chaperone family has been
studied in great detail. The Hsp60 family of chaperones are also called chaperonins and are
involved in the folding and refolding of a wide variety of substrate proteins. Like Hsp70s they
are also able to assist de novo protein folding. Chaperonins provide enclosed cavities for the
proteins inside which, they can fold, while being sequestered from the cytosol

12,25

. The

chaperonins can be sub-divided into two different groups. Group I chaperonins are found in
eubacteria, mitochondria and chloroplasts, of which GroEL from E. coli is the best studied.
Group II chaperonins are present in archaebacteria and in the eukaryotic cytosol

26,27

.

Although both subgroups have ring-like structures containing cavities for sequestered
protein folding there are some important differences. Firstly, Group II chaperonins are more
heterogeneous, as the number of subunits per ring varies between eight and nine, and the
subunits do not necessarily have to be identical. For Group I chaperonins there are always
14
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seven identical subunits present per ring. Secondly, another major difference is the
presence of a co-chaperonin that is required for the function of chaperonins in Group I, and
not for Group II chaperonins. However, this latter group contains an extra structural element
built into the structure that is suggested to fulfill the role of the co-chaperonin

26-28

. Overall,

Group I chaperonin proteins, are studied in far more detail than the members of Group II.
The characteristics of the chaperonin system from E. coli, the GroEL-GroES complex, will be
discussed in more detail in the next paragraph. Finally, there are the sHsps. This family
plays an essential role in organismal defence during physiological stress, where they protect
proteins from irreversible aggregation. As already mentioned the sHsps function ATP
independent and the release of their substrates requires co-operation with chaperones from
a different family. Therefore, it is suggested that sHsps create a reservoir of non-native
proteins waiting to be refolded when the cell environment is again suitable 29,30.
Having such a wide variety of chaperone proteins, the entire protein folding process can be
assisted by different molecular chaperones sequentially. Ultimately, however, the
chaperones all participate in the process of protein folding, translocation, assembly or
transport, to which they make their own unique contribution.
The GroEL-GroES chaperonin system from Escherichia coli
The process of chaperone assisted protein folding remains an intriguing process. Molecular
chaperones can handle a surprisingly diverse range of substrates and it is their role to
contribute to the folding process of each protein in their own unique way. The E. coli GroELGroES chaperonin complex is one of the best characterized chaperone machines. It was in
1972 that Georgopoulos et al. 31, showed that certain temperature sensitive mutant strains of
E. coli were unable to support the growth of bacteriophage O, T4 and T5. The E. coli groE
gene was shown to be responsible for this phenotype

31,32

. Later it turned out to be an

operon that contained two genes, which were named groES (S for small) and groEL (L for
large). Mutations in either of these genes resulted in the inability to support bacteriophage
growth. It was shown that both GroEL and GroES are essential for E. coli under all growth
conditions, emphasizing the importance of these proteins for protein folding and cellular
survival

33,34

. The GroEL chaperonin consists of 14 identical subunits of ~ 57 kDa, together

they form two heptameric rings that are stacked back to back. The co-chaperonin GroES is
composed of 7 identical subunits of ~ 10 kDa each, that form one heptameric ring. In the
presence of nucleotides (like ATP or ADP), GroEL and GroES form a 21 subunit complex of
one tetradecameric GroEL and one heptameric GroES. This chaperonin complex is
homologous to the eukaryotic Hsp60/Hsp10 complex

35

, however Hsp60 consists of only

one heptameric ring.
The first images of the GroEL chaperonin complex were obtained in 1979 by electron
microscopy (EM) and showed that the protein had a ring-like structure

36

. This was followed

by the finding that GroEL and GroES interact in the presence of ATP, and that they function
15
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together in the cell

37,38

. Furthermore, both GroEL and GroES were shown to be involved in

exporting substrates from the cytoplasm

39

. Some years later, the location of substrates in

the chaperonin complex was visualized to be in the cavity of GroEL by EM

40,41

. At the same

time the first high resolution structure of GroEL was determined by crystallography

42

. Like

the EM images had shown, the crystal structure of GroEL indeed revealed a cylindrical
structure composed of two heptameric rings, with seven fold symmetry (Figure 1a). In 1996
the crystal structure of GroES was determined and showed a dome shaped structure with a
similar seven fold symmetry
a height of 30 Å

42,43

43

. The heptameric GroES complex has a diameter of 75 Å and

. When the first high-resolution structure of the intact chaperonin GroEL-

GroES complex was published by Xu et al.

44

(Figure 1b), it became possible to determine

the dimensions of the chaperonin complex, as well as the volume of the folding cavity. The
GroEL complex has a width of 137 Å and a height of 146 Å. The width of each cavity was
determined to be 45 Å. Upon binding of GroES to GroEL large conformational changes
occur and as a result the diameter of the central cavity doubles. Consequently the volume of
the folding compartment increases from 85,000 Å3 to 175,000 Å3. This is sufficient to
enclose a native protein with a molecular size of 70 kDa, assuming a perfect fit. However,
GroEL binds to non-native proteins and the maximum molecular mass of the non-native
proteins is estimated to be about 60 kDa 45.

Figure 1. Representation of crystallographic models of (a) GroEL and (b) the intact GroEL-GroES
chaperonin complex. PDB accession codes 1J4Z and 1AON were used.

Detailed analysis of the crystal structure of the tetradecameric GroEL chaperonin in the
absence GroES (Figure 1a), showed that each monomer is composed of three different
domains, called the equatorial, apical and intermediate domain

45,46

. The equatorial domain

consists mainly of D-helices that originate from amino acid residues 6-133 and 409-523 and
16
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contains the nucleotide binding site. This domain binds ADP as well as ATP and at the same
time provides the interface between the subunits in the heptameric ring

42,47

. The apical

domain is known as the substrate binding domain, and contains the hydrophobic surface at
the entrance of the cavity. The amino acid residues that make up this domain are the
numbers 191-376 in the polypeptide chain. This domain is significantly less ordered than the
equatorial domain. Most likely this flexibility allows the efficient binding of very diverse
substrate proteins

48,49

. Furthermore, this domain is involved in co-chaperonin binding. The

co-chaperonin binds to some of the residues that were first involved in substrate binding
25,44,50-52

. The intermediate domain is comprised of amino acids 134-190 and 377-408, and

connects the equatorial and the apical domain. This domain is the most flexible of the three
domains and allows large scale movements to occur during the folding cycle as a result of
nucleotide, substrate and co-chaperonin binding and release

42,53,54

. The availability of high-

structural information of the E. coli chaperonins made a significant contribution to our
understanding of the potential molecular mechanism(s) by which this protein machine
facilitates protein folding.
The protein folding cycle of the GroEL-GroES chaperonin complex
The complete folding cycle is a very elegant process that produces correctly folded proteins,
or at least a protein conformation that is capable of reaching the native state after release
from the chaperonin system. In order to allow the chaperonin cycle to function correctly,
GroEL can adopt two different states. The first state is known as the relaxed state in which
GroEL has a high affinity for ATP and a low affinity for substrate. The second state is the
tense state where GroEL has a low affinity for ATP and a high affinity for substrates. Binding
of ATP and GroES continuously controls the transition between the two different functional
states. ATP binding is co-operative within one ring i.e. if the first subunit of GroEL binds an
ATP molecule, this promotes the binding of a second ATP molecule, which in turn promotes
the binding of a third ATP molecule etc, until all the ATP binding sites in one heptameric ring
of GroEL are occupied. However, between the rings there is negative co-operativity, i.e.
binding of ATP to one GroEL ring reduces the affinity for ATP in the opposite ring

55-58

. The

different functional states of GroEL thus directs the cycles of substrate binding and release
from each ring alternatively

59

. The currently accepted pathway of chaperonin assisted

protein folding is schematically depicted in Figure 2.
The folding cycle starts when a non-native protein (substrate), with exposed hydrophobic
surfaces, binds to the apical domains of one GroEL ring. It is unlikely that GroEL, without
GroES is the acceptor state in vivo (as depicted in Figure 2 a and b) since inside the cell
GroEL, GroES and nucleotides are present simultaneously. However, in vitro the chaperonin
complex has been studied extensively by using purified proteins and this is what has been
observed 60. The general view is that in vivo the acceptor state for the substrate is the trans ring of the GroES-GroES complex, this is the ring that is not occupied by GroES (Figure 2d).
17
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Cooperative binding of ATP to the trans-ring promotes a conformational change in the
chaperonin complex (Figure 2e)

44,59,61

. Furthermore, the binding of ATP triggers the

disassembly of the cis-complex, as the affinity for both ADP and GroES is decreased (Figure
2f). If a substrate was enclosed in this cis-folding cavity, which is very likely in the in vivo
situation of the chaperonin complex, it is also released. If this released protein has not yet
reached a native or folding competent state it can then rebind to GroEL for another folding
attempt 35,62-65.

Figure 2. Model of the functional cycle of the GroEL-GroES chaperonin complex. (a) An unfolded
substrate binds to GroEL. (b) The binding of ATP to this ring weakens the binding of substrate and
increases the affinity for GroES to the same ring. (c) A cis-complex is formed in which the substrate is
trapped in the folding cavity. (d) After ATP hydrolysis the affinity for GroES weakens and the free transring now has a high affinity state for a new substrate. (e) By the subsequent binding of ATP to the transring the dissociation of GroES is triggered and the correctly folded protein is released. (f) Next, the new
substrate bound ring becomes encapsulated by GroES and a new folding cycle starts (c=g). Adapted
60

from .

At the same moment GroES covers the substrate in the opposite ATP bound ring and a new
cis-complex is formed (Figure 2g and c). The binding of GroES causes large en bloc
movements especially in the apical and intermediate domains of the cis-ring in the
chaperonin complex. Consequently the hydrophobic surface of the GroEL cavity
dramatically changes into a hydrophilic one and the cavity is enlarged, giving the substrate
18
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sufficient space and an environment to undergo productive folding

44,51,53,60,66,67

. The apical

domains of the trans-ring are also affected. This ring becomes more closed and is thereby
effectively inhibited from binding the substrate

41,68

. The enclosed environment (the cis-ring)

in which the substrate can fold unimpaired by aggregation is also known as the Anfinsen
cage

35

. The time it takes to hydrolyze ATP in the GroEL cis-ring is the time the substrate

has to fold. At this point the cycle then repeats as described above (from Figure 2d again).
Each GroEL ring has the same function; it becomes a folding cavity and functions in the
release of ATP and GroES from the opposite ring. So if both GroEL rings have fulfilled these
different functions two substrates have been allowed to fold.
Substrate binding by GroEL
The remarkable ability of the chaperonin complex to recognize a diverse range of (partly)
unfolded substrate proteins has resulted in many studies to unravel the mechanism of the
substrate binding

40-42,52,68

. One of the first studies that was performed was a mutational

analysis of amino acid residues in the apical domain of GroEL

52

. It was shown that nine

residues are involved in substrate binding, of which eight have a non-polar side chain. All
together they form a hydrophobic ring-shaped binding surface. Substitution of these amino
acid residues either diminished or even abolished substrate binding

25,44,50-52

. As mentioned

above, binding of ATP and GroES to the chaperonin complex induces conformational
changes resulting in a transformation of the folding cavity from hydrophobic to hydrophilic.
The fact that GroES actually binds to the same amino acid residues as the substrate
contributes further to the process of productive release of the substrate into the cavity.
Studies on the apical domains of GroEL have revealed that these are able to bind substrates
of different conformations and size

69-73

. This might indicate why the GroEL chaperonin will

bind to virtually any non-native protein in vitro

73-75

. However, one can wonder whether what

is observed in vitro is also what happens in vivo. The cytosol of the E.coli cell contains
~2400 proteins, while the amount of GroEL and GroES is only 3 PM. Interestingly this is
approximately 10% of the concentration of the ribosomes which produce the polypeptides
that have to fold correctly. Taking the average rates of protein synthesis and assisted protein
folding into account, this suggests that GroEL can only assist 2-10% of the proteins in the
process to reach the native conformation
78

11,76,77

. A recent proteomics study by Kerner et al.

, revealed that indeed only 84 proteins were absolutely dependent upon the chaperonin

complex for folding (3.5% of 2400), among which were 13 essential proteins. This directly
explains why the GroEL-GroES chaperonin complex is essential under all E. coli growth
conditions 34.
These observations raise a new intriguing question i.e. what are the selection criteria for the
substrates in the cell. A couple of interesting reports have given a first glance of what these
criteria might be

74,75

. Three different classes of GroEL substrates have so far been

identified. The first class are substrates that are chaperonin-independent and only show a
19
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small increase in native protein yield in in vitro refolding assays upon the addition of GroEL
and GroES. The second class concerns substrates with an intermediate dependence on
GroEL. Even though these substrates have a high tendency to aggregate, they can also be
assisted in their folding by other chaperones that are present in E. coli. This class of
substrates includes many abundant proteins, but nevertheless only occupies ~20% of the
capacity of the chaperonin complex. Lastly, the third class of substrate proteins is those that
absolutely require the presence of both GroEL and GroES for successful folding. They are
much less abundant in the cell but still take possession of nearly 80% of chaperonin
capacity in the E. coli cytosol. And what is it about this third class of substrates that
convinces GroEL to bind to these proteins? The identification of a large number of
endogenous E. coli substrates for GroEL allowed an analysis into the structure of their
native conformation. It turned out that the native structure of the substrate proteins
contained two or more DE folds

77

. The formation of a E-sheet is a complicated step in the

process of protein folding, as this requires the formation of a large number of specific longrange contacts in the correct orientation. Since their folding takes longer, hydrophobic
regions of the polypeptide chain will be exposed for a longer time and hence aggregation is
likely to occur if assistance is not available. As a result the DE fold containing proteins
require the help of the chaperonin complex extensively.
Another aspect of substrate binding that is still under debate is the possibility that GroEL
actively unfolds substrates. Does GroEL only act as a passive aggregation inhibitor by
providing a binding surface for the substrate, or does binding of the substrate to GroEL
result in unfolding of the substrate? Evidence for unfolding of substrates by GroEL was first
shown about 10 years ago using the substrate DHFR that was crosslinked to GroEL

65,79

.

The formation of native DHFR was assayed by the ability of the enzyme bind the substrate
analogue methotrexate. Methotrexate only interacts with native and native-like DHFR. When
GroES and ADP were incubated with the crosslinked GroEL-DHFR complex, binding of
methotrexate was observed. This indicated that the bound and crosslinked DHFR had a
native like structure. The initiation of GroES release resulted in a significant decrease in the
amount of methotrexate bound. Due to the release of GroES, crosslinked DHFR rebound to
the apical domains of GroEL. This rebinding caused at least partial unfolding of the
crosslinked DHFR. Even though the extent of unfolding could not be determined, it clearly
suggested a genuine unfolding activity of the chaperonin complex. Later also backbone
hydrogen exchange measurements as well as resonance energy transfer (FRET)
measurements showed that GroEL is able to partially unfold substrates

80,81

. Backbone

hydrogen exchange for misfolded Rubisco as a GroEL substrate was monitored. Whereas
Rubisco interacting with the GroEL-GroES chaperonin complex, showed almost full
exchange, misfolded Rubisco by itself showed numerous protection sites against amide
exchange

81

. Later Lin et al.

80

, used the same substrate in their FRET experiments. They

clearly indicated that GroEL induces structural rearrangements in Rubisco. This led to the
20
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hypothesis that when large substrates like Rubisco are captured by a GroEL ring, the
substrates are partially unfolded, and that this unfolding is essential for the substrates to be
able to reach their native state. Otherwise they would remain in the folding intermediate
state, which apparently is a relatively stable conformation that allows binding to the GroEL
chaperonin, but does not allow folding. A general mechanism that has been proposed to
explain the unfolding activity of GroEL is based on the observation that the substrate is
bound to several apical domains simultaneously. It was hypothesized that upon ATP binding
to the substrate bound ring, the apical domains move further apart and thereby mechanically
unfold the substrate

19,82

is substrate dependent

. However, the number of apical domains a substrate interacts with

82

, therefore the amount of mechanical unfolding by GroEL is likely to

be different for different substrates.
The binding of a substrate to one of the heptameric rings of GroEL, also induces
conformational changes in the chaperonin complex itself that are substrate dependent. It
was shown by Falke et al.

68

, using cryo-EM, that the most apparent structural alterations in

GroEL, upon binding of glutamine synthase, were the inward movements of the apical
domains of both GroEL rings. As a consequence the opening of the empty ring decreased in
size from 40 Å to 30 Å, and the binding of a second substrate was effectively inhibited
(negative cooperativity)

41,83,84

. However, glutamine synthase is a relatively large substrate

(51 kDa), and the conformational changes this substrate induced were significantly different
from those reported for smaller proteins. Thus the extent of the structural changes that occur
upon substrate binding appears to be variable, and depend on the physical properties of the
substrate, such as the size 85.
Actually the size of a substrate is an important factor for GroEL assisted protein folding. In
the cis-folding mechanism described previously the substrates of course have to fit in the
enclosed folding cavity. As the volume of the folding compartment is 175,000 Å3, the
estimated size of a substrate that would fit is about 60 kDa

45

. And indeed a large number of

identified endogenous E. coli substrates (79%) are smaller than 60 kDa
however, was the study by Dubaquie et al.,

86

77

. Very interestingly

. In order to investigate the effect of the yeast

mitochondrial chaperonins on the folding of proteins in vivo they monitored the fate of
proteins in the absence of functional hsp60 or hsp10, respectively. The absence of the
chaperonin proteins resulted in the misfolding of aconitase, a protein with a molecular mass
of 82 kDa. Later it was shown that the correct folding of aconitase requires the presence of
both GroEL and GroES, and that the folding does not involve encapsulation, but occurs in
the open trans-ring via multiple rounds of binding and release. However GroES binding to
the opposite ring is essential for the release of aconitase from this trans-ring. Even though
the trans-folding mechanism can be very productive for large substrates, folding by
encapsulation in a cis-cavity has been shown to be far more efficient 87.
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All the different aspects that have to be considered during substrate binding as described
above clearly demonstrate that the chaperonin assisted protein folding is a very complex,
elegant, and often surprising process.
Hijacking the chaperonin system
Besides folding of E. coli proteins, the chaperonin folding machine is hijacked by viral
intruders. For instance, many bacteriophages exploit the chaperonin folding machine of their
host to fold (some) of their own proteins. Bacteriophages are viruses that only infect
bacteria, in contrast to other viruses that may infect animals and plants. As previously
mentioned, a relationship between bacteriophage growth and chaperones was found when it
was shown that certain temperature sensitive mutant strains of E. coli were unable to
support the growth of bacteriophage O, T4 and T5. The groESL containing operon was
shown to be responsible for this phenotype

31,32

. Some years later it was demonstrated that

also bacteriophage Mu, HK97 and PDR1 depend on the chaperonin system

88-90

.

Bacteriophages are thus dependent on the host cell facilities for the productive folding of
their own proteins. So in addition to the translation and gene expression systems of E. coli
also the chaperonin system is hijacked by the bacteriophage

91,92

. The proteins that require

chaperonin assistance are often the structural proteins of the bacteriophage. For
bacteriophage T4 it is the structural protein called major capsid protein or gp23 that requires
assistance however in a very special way. Only with the help of an “altered” chaperonin
complex gp23 is able to reach its native conformation. Since this major capsid protein of
bacteriophage T4 has a central role in the research described in this thesis, the next
paragraphs will shortly discuss the construction and life cycle of bacteriophage T4, as well
as the role the E. coli host chaperonin complex plays during this process.
Bacteriophage T4
The bacteriophage T4 is a double stranded DNA virus that infects E. coli, and with a
genome size of approximate 170 kbp (representing 50 different gene products) it is one of
the largest bacteriophages known

93

. It is a member of the Myovirdae family that is

characterized by its exceptionally long and contractile tails. Bacteriophage T4 devotes 25
kbp of its entire genome to this tail assembly, encoding for 22 different genes. The other
major structural components of the phage are its head (24 genes) and the long and short tail
fibers (6 genes) (Figure 3). In the assembly pathway of this phage, these structures are all
produced via separate pathways and only after completion they are assembled to give a
new phage particle 94-97.
In the mature phage the fibers act as environmental sensors that are responsible for efficient
attachment to the host cell, which is the initiation step for infection. After the binding of at
least three of the in total six long tail fibers to the E. coli cell surface, and a further anchoring
by the short tail fibers, a structural rearrangement of the baseplate is initiated
22

95,97,98
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baseplate is situated at the end of the tail and regulates the tail sheath contraction. The tail
is composed of two concentric protein cylinders with a length of almost 1000 Å, of which the
outer cylinder is called the tail sheath. The inner cylinder is the tail tube with a diameter of 40
Å, and the channel through which DNA can pass during infection. Due to the conformational
changes in the baseplate upon host cell recognition and anchoring, the tail sheath is
contracted irreversibly to a length of only 360 Å

97-100

. However, the length of the tail tube is

not changed hence the outer cell membrane of the E. coli cell becomes penetrated. An
enzyme called lysozyme is present in the tail of the bacteriophage and helps to digest the
peptidoglycan layer thereby allowing the tail tube to reach and penetrate the inner
membrane as well. The phage genome is now released from the phage head and due to the
electrochemical potential present across the inner membrane the viral DNA is pulled into the
host cell cytoplasm 93,94,97,101.

Figure 3. Characteristics of the Myoviridae viral family. (a) Cryo-electron microscopy picture of
bacteriophage T4. (b) Schematic representation of the major structural components of a Myoviridae
98

phage. Reprinted with permission from Rossmann et al. , Copyright Elsevier Ltd. 2004.

The process of infection by bacteriophage T4 is in fact very efficient as only one particle is
required to infect the host cell. Directly after infection the phage takes over the translation
and expression machineries of the host cell. The E.coli RNA polymerase starts the
transcription of genes from promoters that instead of resembling the promoters of E.coli
compete with the host promoters for binding RNA polymerase. Consequently, RNA
polymerase is diverted from transcribing the host cell DNA, and host cell protein synthesis is
inhibited. The RNA polymerase is now directed to the transcription of T4 genes (for a
detailed review on T4 metabolic events see

93

). A number of early expressed T4 proteins are

involved in the disruption and degradation of the host cell DNA. The phage prevents the
degradation of its own DNA by producing degradation enzymes that recognize cytosine (a
23
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specific type of nucleotide). This type of nucleotide is not present in the DNA of the phage,
but only in the host cell DNA. The mononucleotides that are the result of the degradation are
subsequently incorporated into the DNA of the progeny phage. Within 30 min after infection
the cell is lysed and releases ~ 200 new phage particles 95,102.
Bacteriophage T4 head morphogenesis
Of the well-characterized dsDNA phages, bacteriophage T4 has the largest and most
complex capsid known. As previously mentioned 24 genes of the phage are assigned to
head morphogenesis, of which 16 are involved in prohead formation and maturation, 5 are
responsible for genomic DNA packaging, and the remaining 3 genes complete and stabilize
the mature head. In the completed phage the head is 1150 Å long and has a width of 850 Å,
the molecular weight of this mature capsid is 112 MDa and the enclosed genome accounts
for another 194 MDa

93,97,103

. However, before the T4 head is capable of encapsidating this

huge amount of DNA, it first has to assemble correctly which is a complex process by itself.
The capsid is produced in distinct stages starting with the formation of a core (also called
scaffold), composed of gp20-gp40. These proteins form the membrane spanning initiation
complex at the inner side of the cytoplasmic membrane

104

. Next, many different proteins

attach to this complex (gp21, gp22, gp67, gp68, IPI, IPII, IPII and gpalt) and together they
form the complete scaffold. This scaffold becomes coated by 930 subunits of gp23 (155
hexamers) and 55 subunits of gp24 (11 pentamers). After the dodecameric portal complex
(through which the DNA can enter the phage head later in the maturation process) has
assembled to the base of the capsid the prehead is completed

94,97

. Now the scaffold protein

gp21 is converted into T4 prohead protease (T4 PPase) by slow auto-proteolysis, and
maturation of the prehead starts

105,106

. The T4 PPase protease degrades the scaffold

proteins after which the majority of the remaining peptides are ejected from the prehead. By
removal of the peptide digest already more space is provided to accommodate the genomic
DNA. But besides the extensive digestion of the scaffold proteins, T4 PPase also cleaves
gp23 and gp24. The proteolytic cleavage of gp23 (into gp23*) is one of the most important
steps during phage head maturation, and it has several consequences. First, due to the
cleavage of the first 65 N-terminal amino acid residues (gp23 has 523 amino acids in total)
the assembly process becomes irreversible and the labile capsid is stabilized

107,108

.

Secondly, after cleavage, the capsid is released from the membrane and is now ready for
DNA packaging

109

. Finally, large conformational changes occur in the capsid and eventually

the volume of the phage capsid is almost doubled

107,110

. Capsid expansion is a common

phenomenon for dsDNA phages, although not always preceded by proteolysis

111-113

. The

process of capsid expansion is directly linked to the process of DNA packaging. After
docking of the portal complex to the DNA packaging apparatus packaging begins, and this is
an ATP driven process

94,97

. As soon as some of the genomic DNA has entered the capsid,

large conformational changes occur and the capsid increases even more in size
24
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the head is completely full the terminase cuts the DNA and the mature capsid is free to
attach to the other structural components of the phage, i.e. the tail and fibers, to assemble
into a new virus particle 94-97,115,116.

Figure 4. (a) Schematic representation of the capsid protein subunits in the mature bacteriophage T4
capsid. Three complete units of the icosahedron are shown, bounded by three gp24* pentamers. One
hoc molecule binds to one gp23* hexamer. Soc binds to every gp23* subunit, except at the interfaces
between gp23* and gp24*. At the meeting points of three gp23* hexamers, soc forms trimers. Reprinted
with permission from Olson et al.,

109

. (b) A cryo-EM reconstruction at 22.5 Å resolution of the

bacteriophage T4 head. The gp23* hexamers are clearly visible, as well as the gp24* pentamers (dark
gray). Also Hoc and Soc molecules are visualized in this reconstruction. Adapted with permission from
Fokine et al.,

117

.

The mature phage capsid finally forms an icosahedron, with twelve pentagonal vertices. Of
these pentagonal vertices, eleven are occupied by processed gp24 pentamers and the last
one by the portal complex

109,118

. As a result of the conformational changes that occur upon

proteolysis by T4 PPase and DNA packaging the binding sites for the accessory proteins
hoc (highly antigenic outer capsid protein) and soc (small outer capsid protein) become
exposed. Soc binds between every processed gp23 subunit and forms trimers at the
meeting point of three gp23 hexamers, and therefore each hexamer of gp23 binds six soc
molecules. However, soc does not bind at the interface between processed gp23 and gp24.
Of hoc only one molecule binds to each hexamer

96,97

. Even though the binding of such

accessory proteins to the outer surface of the capsid is widespread, it is not universal among
dsDNA phages

119

. These accessory proteins are not essential, but at least soc is known to
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enhance the stability of the phage head. A schematic representation of the capsid protein
subunits in the mature bacteriophage T4 capsid is shown in figure 4a

109

cryo-electron microscopy reconstruction of the bacteriophage T4 head

. Figure 4b shows a

117

. Finally, after the

structural changes antigenic determinants appear at the capsid, and make the phage
resistant to proteases. So after maturation the structure of the capsid differs substantially
from the prehead in size, molecular composition, stability as well as in physical, chemical
and immunological characteristics

110,120,121

. The mature capsid provides a safe environment

for the genomic DNA until it becomes ejected into the new host cell.
The phage encoded co-chaperonin gp31
As previously mentioned, correct protein folding is the foundation for all cellular processes.
Also phage head assembly is dependent on the correct folding of the different components.
However, folding of the major capsid protein, gp23, the main building block of the phage
capsid, is not a straightforward event. Most bacteriophages utilize the GroEL-GroES
chaperonin machine for the folding of some of their structural proteins such as capsid
proteins. However, gp23 can not be folded by the E. coli chaperonin machine. Instead the
bacteriophage T4 encodes its own co-chaperonin called gp31 that replaces GroES upon
infection of the E. coli cell

104,122

. Gp31 was discovered as an essential factor that is required

for capsid assembly by Laemmli et al.

104

, in 1970. They showed that when E. coli is infected

with a mutant bacteriophage carrying an inactive 31 gene, morphogenesis is blocked and
the capsid protein aggregates into amorphous lumps on the E. coli inner membrane. In
combination with later observations that some mutations in the groEL gene resulted in the
same phenotype, gp31’s role as a co-chaperonin was suspected. However, no amino acid
sequence identity between GroES and gp31 was apparent

31

. In 1994, gp31 was shown to

be a functional homologue of GroES as it can assist in the folding of E. coli proteins in vivo.
Folding activity of the GroEL-gp31 complex was also demonstrated in vitro with purified
proteins 122.
Later it became clear that in addition to T4, the T4-related genome of bacteriophage RB49
also contained a co-chaperonin gene called CocO which amino acid sequence shows high
similarity to gp31. Interestingly, when either gp31 or CocO is expressed in E. coli the GroES
gene can be deleted indicating that these two co-chaperones can fully replace GroES for the
folding of E. coli proteins

92,123,124

. But why can GroES not replace these two bacteriophage

encoded co-chaperonins? What are the unique properties that gp31 possesses that make it
absolutely essential for the folding of the major capsid protein of bacteriophage T4? The
characterization of specific gp23 mutants showed that the binding of gp31 was not essential
for gp23 binding to GroEL. In addition, specific amino acid substitutions in gp23 allowed the
mutant protein to fold correctly in the absence of gp31. However, the presence of a
functional GroEL-gp31 complex significantly enhanced folding of mutant gp23, whereas the
presence GroEL-GroES had no such effect
26
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. From these results it was suggested that
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substrates were having some kind of specificity towards the co-chaperonin. So what does
gp31 have that GroES does not have, or maybe even the other way around? Does GroES
have something that gp23 does not like about it?
When the primary sequence of GroES and gp31 were first compared no identity between
the two co-chaperonins could be found. Only after it was shown that gp31 was functionally
related to GroES and an extensive comparison was made was it demonstrated that they
share an amino acid sequence identity of 14%

126

. However, when the crystal structures of

both GroES and gp31 became available, their overall tertiary structures were strikingly
similar as they both formed a dome like structure (Figure 5)

43,127

. Furthermore, GroES and

gp31 appeared to interact with GroEL in a similar manner. Both proteins contain a
conserved hydrophobic tripeptide in their mobile loop that interacts with GroEL. Binding
studies with synthetic peptides representing the mobile loop of either GroES showed they
both adopted a similar conformation when bound to GroEL. Whereas before binding to
GroEL, the highly mobile loop is unstructured, upon formation of the chaperonin complex the
mobile loop becomes structured

38,70,128

. Despite the overall similarity a number of structural

differences between GroES and gp31 are visible when comparing the two crystal structures
43,127

. First of all, the mobile loop of gp31 is substantially longer (22 amino acids) than of

GroES (16 amino acids). Secondly the conserved tyrosine residue at position 71 in GroES,
that protrudes into the cavity, is absent in gp31. Thirdly, gp31 lacks a roof loop structure
resulting in a larger opening at the top of the dome (Figure 5b).
Together these three structural adaptations all point into the same direction, namely that the
size of the Anfinsen cage in the GroEL-gp31 complex is larger than that in the GroEL-GroES
complex. The larger mobile loops may result in a larger dome structure when bound to
GroEL. The lack of the tyrosine residue creates space since the volume available for
substrates folding is no longer limited by this protruding residue, and the larger open roof
structure possibly allows some parts of the polypeptide substrate chain to stick out of the
cavity, if needed. As the 56 kDa gp23 substrate is approaching the size limit of the GroELGroES cavity, this cavity may provide insufficient space to accommodate this protein,
whereas the slightly larger GroEL-gp31 cavity is able to support the folding of gp23 94.
However, in 1997 there was no in vitro assay available to study the assembly of the gp23
capsid protein and to investigate this hypothesis. It took another 8 years before Bakkes et al.
91

, showed that indeed gp23 cannot be encapsulated within the GroEL-GroES cavity

whereas it can be in the GroEL-gp31 cavity. Very recent cryo-EM studies in combination
with image processing provided three-dimensional structures of the GroEL-gp31 complex
that also confirmed the hypothesis

129

. Comparison of the GroEL-gp31 structure with the

GroEL-GroES structure (previously determined by this method) clearly showed that the
folding cavity of the GroEL-gp31 complex is expanded. But even though this information
supported the hypothesis that indeed a larger cavity could be the major factor for gp23 to
require gp31, still many questions remained. So far it is still unclear which interactions are
27
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involved, and which conformations gp23 adopts during folding by GroEL-gp31 chaperonin
complex. This is also complicated by the fact that despite many attempts no crystal structure
for gp23 is available.

Figure 5. (a) Representation of crystallographic models of GroES (left) and gp31 (right) showing a side
view, clearly visualizing the differences in mobile loops. (b) Top view of the crystallographic models of
GroES (left) and gp31 (right), showing the larger open roof structure for gp31. PDB accession codes
1AON and 1G31 were used. Note that the crystal structure of GroES from the GroEL-GroES complex
was used to produce the images.

As mentioned above, the chaperonin complex from E. coli is the best-studied chaperone
machine. In order to understand the chaperonin complex in this much detail, and also to get
more insight into its role during phage head assembly many different techniques have been
used. In the field of structural biology, nuclear magnetic resonance (NMR), X-ray
crystallography and (cryo)-EM have all contributed essential information. However, currently,
it is still difficult to study the different steps in the chaperone-assisted protein folding pathway
28
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(Figure 2), as this is a very dynamic process of a very large non-covalent complex. A
relatively new technique in the field of structural biology that allows the analysis of very large
and intact complexes in time is native mass spectrometry. Mainly this technique was utilized
to study the chaperonin-assisted protein folding in this thesis. The advantages and
disadvantages compared to the more established techniques in the field of structural
biology, as well as a detailed description of mass spectrometry itself and its possibilities in
this day and age are described in the second part of this introduction.
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Part II: Native mass spectrometry as a tool to study large protein complexes
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Techniques in structural biology
Studying complex processes like chaperone assisted protein folding requires a wide range
of different approaches. It is of crucial importance to investigate these processes, because,
as was already mentioned in Part I of the introduction, there are strong links between
chaperone function and human protein folding diseases. Consequently chaperones are very
interesting targets in the development of therapies for protein misfolding disorders

15-17

. A

first step towards the development of therapies is to reveal the mechanistic details of how
different chaperone complexes function i.e. assist in the folding of proteins. Established
methods in structural biology, such as X-ray crystallography, NMR-spectroscopy and
electron microscopy (EM) have provided a wealth of detailed structural information on
chaperone complexes

44,130,131

. A relatively new technique in this field of research is native

mass spectrometry that has gained enormous significance in biological applications in the
last two decades. This part of the introduction will start with a short discussion of commonly
used techniques in structural biology, followed by a detailed description of macromolecular
mass spectrometry and how this method can be used to study specific aspects of the
structural biology of large protein complexes.
Introduction into structural biology techniques
X-ray crystallography is an important method for determining the structure of a protein, as it
can provide information at atomic resolution. The crystal structures of various chaperonin
complexes have allowed the determination of the dimensions of the folding cavity as well as
the sites for substrate and co-chaperonin binding. Crystal structures of the co-chaperonins
GroES and gp31 revealed an overall similarity, which was unexpected because of their very
low sequence homology

44,127,132

. Unfortunately, it is not trivial to obtain a detailed crystal

structure of a protein (complex). First of all one requires a well-ordered crystal, which can be
produced by using a solution super-saturated with protein. However more often than not, the
proteins in these solutions precipitate instead

133,134

. For instance, for the gp23 capsid

protein (also see paragraphs part I), no crystal structure is available yet, as it is prone to
aggregation. In general it holds true that the larger and structurally more complicated the
molecule or molecular assembly, the less likely it is that it will pack into an ordered crystal
135

. Furthermore, X-ray crystallography is a “solid state” method; this means that the protein

is usually trapped in one single conformation. However, for some years it has become
possible to monitor the effect of substrate binding on the crystal structure of a protein. This
can be achieved by soaking the protein crystal into a substrate solution, as has been shown
for the glycoside hydrolase family 12 endoglucanase 136.
Like X-ray crystallography, NMR can provide high-resolution structural data but in addition
NMR enables studies on conformational changes that occur over a wide time scale, from
picoseconds up to hours

137-139

. Over the last few years, the applications of NMR have been

extending to include large (bio)molecular systems, although studying these large complexes
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by NMR methods can cause difficulties. Due to the large number of the atoms, individual
nuclear magnetic resonances tend to overlap and the spectrum becomes very difficult or
impossible to interpret. Furthermore larger molecules produce NMR signals that relax faster,
which results in lines that are broader and hence decrease the sensitivity of this method. In
order to overcome (some of) these problems TROSY (transverse relaxation optimized
spectroscopy) was introduced some years ago. TROSY extends the possibilities to use
NMR for molecules of up to 1 MDa, although this is not straightforward. Whereas in principle
the overlap of signals in the NMR spectra can be overcome by reducing the number of
resonances by a proper choice of isotope labeling (i.e.

15

N), the limitation caused by

relaxation provides a more severe challenge. Consequently, so far the analysis of large
biological systems is still scarce, and in general the present limit for the full analysis of a
protein structure by NMR is about 50 kDa

139

. One of the very few large protein complexes

that have been studied successfully by NMR are the chaperonin complexes, GroEL-GroES
and GroEL-DHFR (substrate protein)

140,141

. Finally, another limitation of NMR is the

sensitivity, as in general nanomoles of protein solutions are required.
Cryo-EM is another powerful tool for studying conformational changes in large protein
complexes. With cryo-EM two-dimensional images of a protein can be obtained. Provided
that there are sufficient and nearly identical particles of the protein in random orientations,
the projections can be combined to generate a three-dimensional image

135

. Cryo-EM makes

use of a beam of highly energetic electrons to produce electron-scattering density maps.
However, as a consequence of this approach radiation damage may occur to the biological
samples during the measurements. Super cooling of the sample by applying it to liquid
nitrogen or helium minimizes this damage although at present it is still a limitation of the
technique. An advantage of the super cooling is that the native hydrated macromolecular
structure is preserved. Cryo-EM has already produced structural information of several large
biological complexes at a resolution of 6-25 Å

142-144

. Among these complexes are the

ribosome complex, transcription complexes, the spliceosome, the chaperonin complex, and
even the intact phage head of bacteriophage T4 (Introduction part I, Figure 4b) and the
complete Rice dwarf virus

117,118,145-150

. For example, a reconstruction of native GroEL by

electron cryo-EM and single particle analysis at 6 Å resolution was presented recently.
When the conformation of GroEL was compared to the crystal structure of GroEL, the
similarities and differences between the solution and crystal phase structure of GroEL
became clearly visible

151

. The structure of the GroEL-glutamine synthetase complex as well

as that of substrate free GroEL were determined at 13 Å resolution. These structures
visualized the apical domain movements of GroEL in both the cis- and the trans-ring as a
result of substrate binding

68,85

. However a disadvantage of this technique is that it is

complicated to deduce the orientations of the particles from the images, when there is not
yet a high-resolution structure available. Therefore cryo-EM data is often combined with
structural data that has been obtained by X-ray crystallography
32
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not dynamic, but like X-ray crystallography it is a solid state measurement technique.
However, it is possible to trap intermediate protein (complexes) of a functional cycle. Hence,
the sequential analysis of these different protein samples allows prediction about dynamic
movements.
Mass spectrometry
In the field of structural biology mass spectrometry is a newcomer. A few decades ago no
one could have predicted that mass spectrometry was soon going to play an important role
in studying large and complex biological systems. This has now became possible due to two
major breakthroughs, namely the introduction of I) a relatively gentle electrospray ionization
process which was coupled to nano-flow sources allowing ultra-high sensitivity (i.e.
picomoles of sample) and II) novel fast and sensitive time-of-flight mass analyzers with
extended m/z ranges

152-154

. These developments have provided opportunities to obtain

structural and dynamical information of proteins and protein complexes (for more detail see
later paragraphs, and reviews 155-157).
Table 1. Comparison of techniques commonly used in structural biology.
Advantages
X-ray crystallography

x

Very high resolution data
(even < 1 Å)

Disadvantages
x
x
x

Nuclear Magnetic
Resonance (NMR)

x
x
x

In solution
High resolution data (< 5 Å)
Enables measurement of
dynamic properties

x
x
x
x

Cryo-electron
Microscopy

x
x
x
x

Mass Spectrometry

x
x
x
x
x

No size limit
Low amounts of sample
(picomoles)
Native hydrated state
Not limited by presence of
detergents or salts
No size limit
Sensitive (pico- to femtomole)
Allows analysis of
heterogeneous complexes
Pseudo-native environment
Enables measurement of
dynamic properties

x
x
x

x
x
x

Requires ordered crystals and
good diffraction
Requires homogeneous
protein preparation
Limited in dynamic
measurements
“Solid-state” measurements
Requires relatively large
amounts of
Molecular mass limited
(generally 50 kDa)
Requires homogeneous
protein preparation
Possible radiation damage
Medium resolution (~ 10 Å)
“Solid-state” measurements

Gas-phase based detection
Incompatible with involatile
salts and most detergents
Low resolution
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Mass spectrometry now allows the analysis of protein complexes, under near native
conditions, with masses far over one million Dalton

157-160

. A great advantage of this

technique is that it can also analyze heterogeneous protein complexes, at very low sample
consumption (picomole to femtomole range). In order to define the niche of native mass
spectrometry in the study of intact protein complexes

155

, Table 1 contains some of the

advantages and disadvantages of the various structural biology techniques.
The development of mass spectrometry
Over the last 100 years, mass spectrometry has developed into an indispensable research
tool, first in physics, then in chemistry, biology and later in medicine. In 1897 J. Thomson,
who performed the fundamental studies in mass spectrometry on electrical discharges in
gases, discovered the electron. In the first decade of the 20th century he went on to
construct the first mass spectrometer for the determination of mass-to-charge (m/z) ratios of
ions

161

. A mass spectrometer allows the detection of compounds by separating the

generated ions on the bases of their unique mass. Consequently a prerequisite to this is that
the molecule of interest can be ionized. From the start, chemical- and electron-ionization
were the primary techniques to produce ions and volatile and heated solutions were
essential. In the beginning the practical limit of compounds that could be measured was
approximately up to 1,000 Da. Many years later in the early 1980’s, the introduction of new
ionization techniques like plasma desorption (PD) and fast atom bombardment (FAB)
allowed the successful analysis and characterization of oligonucleotides, peptides and small
proteins. In the meantime the ESI technology was being developed by Dole et al.

162

. In

1968 he described the spraying of a dilute polymer solution into an evaporation chamber for
the first time. Only two years later, he showed that with this new and soft ionization
technique it was possible to produce intact polymer ions with molecular masses from 600 to
97,200 Da

163

. However, it took another 15 years before ESI was successfully coupled to

mass spectrometry 164. From then on ESI emerged as a powerful technique, and for the first
time in the history of mass spectrometry intact ions from large and complex species could be
produced directly from solution. In 1989, Fenn and his colleagues were the first to show that
mass spectrometry could be applied to large proteins and protein complexes, and they
already measured intact proteins with masses up to 130,000 Da

165

. For this major

achievement Fenn was awarded the Nobel Prize in Chemistry in 2002, together with Tanaka
who received the prize for the development of the complementary matrix assisted laser
desorption ionization (MALDI)

166,167

. With the MALDI ionization technique, the sample is not

sprayed from solution, but instead ions are produced from a solid matrix. To be able to do
so, the sample is mixed with a matrix solution (a non volatile solid organic compound),
applied to a metal surface and the solvent is allowed to dry. Upon irradiation with pulsed
laser light the matrix absorbs energy. This is followed by the transfer of energy from the
matrix to the sample molecules and gas-phase ions are generated. Besides the difference in
34

Chapter 1

the phase (solid versus liquid) of the sample, another difference between the two ionization
methods is that whereas ESI produces multiply charged ions, MALDI mainly yields singly or
doubly charged proteins or peptides. The production of singly or doubly charged ions is
particularly helpful for the analysis of protein or peptide mixtures. Furthermore MALDI is
much more tolerant to less volatile buffer salts then ESI. The main application of MALDI is in
the field of proteomics, analyzing complex protein digests (i.e. peptide mass fingerprinting
and peptide sequencing). For the analysis of the chaperonin complex(es), which is the main
focus of this thesis, ESI is the ionization method of choice.
Electrospray ionization mass spectrometry
In mass spectrometry the ESI process allows the gentle transfer of proteins and/or protein
complexes from solution to the gas-phase via protonation (or deprotonation) at atmospheric
pressure. Protein ions are created from a fine spray of highly charged droplets as a result of
applying a high voltage to a capillary containing the sample solution (Figure 6a). In the
positive ion mode, positive ions are enriched at the surface of the sample solution at the end
of the capillary. Due to the repulsion of the ions at the surface and the pull of the electric
field present, the solution will form a cone (Taylor cone). From the Taylor cone individual
charged droplets are formed. Evaporation of the solvent from the droplets reduces their size.
However, since the number of charges is conserved, at some critical droplet radius the
electrostatic forces on the droplets overcome the surface tension. This leads to droplet
fission, which means that the droplet divides into two or more small droplets. Repeated
evaporation and droplet fission will ultimately lead to many very small and highly charged
droplets, which are the precursors of the gas-phase ions 168-170.
The actual mechanism by which ions are formed from the highly charged droplets is
asserted to be different for smaller and larger ions. Iribarne and Thomson proposed the ion
evaporation mechanism (IEM), which applies to the production of small ions

171

. The idea is

that when the charged droplets become very small, the electric field (due to the high charge
density) at the surface of the droplet is strong enough to cause evaporation of gas phase
ions (solvated by several solvent molecules) from the droplet

169,170

. For the formation of

large ions, such as those of proteins, a different mechanism has been proposed, called the
charged-residue mechanism (CRM). This mechanism was originally proposed by Dole et al.
162

, and claims that gas phase ions result from the evaporation of solvent from very small

droplets which contain only one analyte (protein) molecule. These droplets are assumed to
be formed by a succession of Coulombic explosions and solvent evaporation

168,170,172

. A

schematic representation of this mechanism is shown in figure 6b. With the original
electrospray ion source, droplets of typically 1 Pm were formed and sprayed from a capillary
with an inner diameter of approximately 100 Pm. Consequently, a lot of solvent had to
evaporate. To achieve ion formation, volatile solvents with a low surface tension were added
and the solution was often heated. These conditions were of course not suited for the
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analysis of intact non-covalent protein complexes. The introduction of nano-flow ESI in the
middle of the 1990s, suddenly allowed the analysis of samples under much more
physiological conditions. The sample was sprayed from capillaries with an inner diameter of
only 1 Pm, resulting in a droplet diameter of less than 200 nm. So the droplets were about
100-1000 times smaller and had a higher overall charge to volume ratio

152,153,165

. The

evaporation process became much more efficient and additional heating or the addition of
volatile solvents was no longer necessary. Instead, nano-flow ionization allows the sample
to be sprayed from an aqueous solution. When using appropriate buffer conditions it is now
possible to analyze proteins under pseudo native conditions. Furthermore, the sample
consumption decreased substantially, which is also a great advantage.

Figure 6. Schematic representation of the electrospray ionization process. (a) Applying a high voltage
to the capillary results in the formation of a Taylor cone. Highly charged droplets are formed that
decrease in size on their way to the inlet of the mass spectrometer. At a certain droplet radius the
electrostatic forces on the droplets overcome the surface tension and droplet fission (the division of one
droplet into two or more smaller droplets) occurs. (b) Representation of the charged-residue model
(CRM). Gas phase ions result from the evaporation of solvent from very small droplets which contain
only one analyte (protein, gray circle) molecule. These droplets are thought to be formed by a
succession of Coulombic explosions and solvent evaporation. Adapted from
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Mass analyzers and detectors
Besides the ion source, the mass spectrometer consists of two other essential parts, the
mass analyzer and the ion detector. The mass analyzer separates the gas-phase ions
according to their m/z ratios. There are many different mass analyzers, which can be
combined to form hybrid mass analyzers. Some of the most widely used mass analyzers
today are the quadrupole (Q) and time-of-flight (TOF) analyzers.
The principle of a TOF analyzer is actually very simple, as it separates ions based on the
difference of the time it takes to reach the detector in a field free drift space. The first TOF
mass spectrometer was built in 1948, although at that time the resolution was still poor

174

.

Ideally a TOF analyzer works by accelerating a set of ions with a constant kinetic energy in a
direction that is strictly orthogonal to the ion beam axis. Because the acceleration is in the
orthogonal direction, the velocity of the ions in this direction is independent of the previous
axial velocity they contained

154

. At the start all the ions gain the same amount of kinetic

energy from the acceleration, but due to their different m/z ratios they reach the detector
(after a known length) at different times. This process is described by the following
equations:
Ukin = 1/2mv2 ; Ukin = zV and t =d/v
In which, Ukin is the kinetic energy, V is the accelerating potential, v the velocity of the ion, z
is the charge, m is the mass, t is the time needed for an ion to fly a certain distance, and d is
the length of the flight tube.
Using these equations it can be deduced that the time-of-flight is dependent to the m/z ratio
of the ions. However, this only holds true if indeed all the ions initially have the same kinetic
energy and start at the same position. Slight differences in kinetic energy or starting point
hence can cause a decrease in resolution. This was the main drawback of TOF analyzers
for several years. The introduction of a reflector has improved the resolution tremendously.
The reflector consists of an electrostatic ion mirror that can refocus and reflect the ions
towards the detector. More energetic ions move faster in the flight tube, penetrate deeper
into the mirror and as a result spend more time in the reflector. Since lower energy ions
leave the reflector faster their flight time is corrected. Furthermore, when the length of the
flight tube is increased, and thereby the time to separate ions with different m/z ratios,
154,174,175

the TOF analyzer is able to obtain a high resolving power. In principle TOF

analyzers have an unlimited mass range and are therefore very suitable to analyze large
protein complexes.
Another commonly used mass analyzer is the quadrupole mass filter. It is composed of four
parallel electrodes (or rods) that produce an electric potential. The rods are connected to
each other in opposite pairs, one pair has a constant voltage (direct current, DC) while the
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other pair has an alternating voltage (or radiofrequency, RF). The separation of the ions with
different m/z ratios is based on their different stabilities during the flight through the rods.
The quadrupole can be used in two different modes, namely a mass resolving mode and a
mass selection mode. In the mass resolving mode the ratios between the DC and RF
voltages is kept constant, however different voltages are scanned. Therefore, ions with
different m/z ratios will have a stable flight through the rods and a full mass spectrum can be
obtained. In the mass selection mode, only ions of a specific m/z ratio pass through. The
other ions collide with the electrodes or will pass through the rods

175,176

. Unlike TOF

analyzers, quadrupoles can transmit ions only up to a certain limit, which is confined by the
RF frequency. For most quadrupoles the maximum m/z value is calculated to be 4190 (for a
detailed description see

177

). This restricted range of course limits the applicability of these

analyzers in the study of large protein complexes. Recently, however, Sobott et al.

177

,

introduced a quadrupole mass analyzer, which contained a modified RF unit that allowed the
analysis and selection of ions up to 32,000 m/z (also see later paragraph).
The combination of a quadrupole and a TOF analyzer results in the hybrid Q-TOF mass
analyzer allowing the mass spectrometer to operate in a tandem mass spectrometry mode
175

. With tandem mass spectrometry the decomposition pathway of specific ions can be

monitored, providing for instance sequence information of proteins, post translational
modifications, the stoichiometry of large protein complexes, or information about the
quaternary structure. The quadrupole can select a specific m/z ratio, and these ions
subsequently enter the collision cell. In this gas filled collision cell acceleration voltages can
be applied, causing the dissociation of the ions. The product ions are then detected by the
TOF. When using the quadrupole in the mass resolving mode it is still possible to acquire full
mass spectra. The possibility to study dissociation pathways together with the recently
increased m/z range of the quadrupole has made a significant contribution to the
applicability of mass spectrometry in structural biology.
As mentioned above the last part of the mass spectrometer is the ion detector, here the m/z
values of the ions are registered and a mass spectrum is generated. The most common
detectors are electron multipliers, photon multipliers or multi channel plates (MCPs). The
mass spectrometers used in this research project all contained MCPs. This detector consists
of an array of glass plates with many channels. When an ion enters a channel it results in
the emission of an electron because it hits the wall. These electrons are accelerated by an
electric field across the plates, and when they travel though the detector the electron hits the
wall numerous times. Each time new electrons are emitted, and these also hit the surfaces
of the channels several times. This process is repeated many times and finally results in
thousands of electrons generating a small current

178

. From this current the ion events can

be registered and a mass spectrum is generated. A disadvantage of the MCP is that the
efficiency of detection decreases with an increasing ion mass.
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Structural analysis of proteins
Once a mass spectrum is generated it is possible to calculate the molecular mass of the
protein. This is best explained by an example; in figure 7 a typical mass spectrum of a
protein obtained by ESI is shown. The protein (holo-myoglobin; horse heart myoglobin with
heme) shows a charge state distribution (CSD) of ion signals. The different peaks originate
from the same species but have different amounts of charge (z). The molecular mass of the
protein can be calculated from the m/z values of two adjacent ion peaks. It is most simple to
use two adjacent ions as these only have a charge difference of one which allows the use of
the following equations:
p1 u z1 = Mprotein + Mproton u z1 = Mprotein + 1.0079 u z1
p2 u (z1-1) = Mprotein + 1.0079 u (z1 – 1)
z1 = (p2 – 1.0079) / (p2 –p1)
p1 = m/z peak 1, p2 = m/z peak 2, z1 charge of peak at p1 (note that in these equations p2 !
p1)
From these equations it is straightforward to calculate the mass of holo-myoglobin.
However, using only two peaks will result in a large error and less accurate value. If all the
ion peaks are used a mass of 17567.05 +/- 0.83 Da can be calculated from the spectrum
shown below, which is very close to the theoretical mass of holo-myoglobin (17566.67 Da).

Figure 7. A positive ion ESI mass spectrum of holo-myoglobin under native conditions (5 PM holomyoglobin in 50 mM ammonium acetate pH 6.8).

The production of CSDs is a unique feature of ESI, and is due to the protonation of the
chargeable amino acid residues. Chowdhury and Loo were the first to report that when
proteins were sprayed from solutions of various pH or in the presence of organic solvent a
shift in the observed CSD may result

179,180

. Since then many studies have indicated that the

CSD in a mass spectrum is dependent on the conformation of the protein in solution

181-183

,
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as there is a difference in the number of exposed chargeable residues present in different
protein conformations

184

. A tightly folded protein is expected to have significantly less

surface exposed residues than a less structured protein. Hence two different protein
conformations will produce ions with potentially different amounts of charges and may
appear at different positions in the mass spectrum

185

. Whereas unfolded proteins will

appear at low m/z ratios, folded proteins will appear at high m/z ratios. It is also possible that
the solution contains both the unfolded and folded conformation of a protein. If this occurs
two CSDs will be present in the same spectrum. The ability to monitor different
conformations of a protein simultaneously in one mass spectrometric analysis is one of the
great benefits of this method. Large scale conformational changes within proteins in solution
can now be monitored

181,186-189

. Changing the pH of the solution, adding organic modifiers,

or altering the ionic strength of the solution can all induce changes in protein conformation.
The first time-resolved measurement was performed by Konermann et al. 186, who monitored
the folding of cytochrome c using acid induced denaturation. Another factor that can
influence protein conformations is of course the temperature. And in 2003 Benesch et al.

190

reported the unfolding behavior of lysozyme as a function of increasing temperature (Figure
8). They had developed a special nano-ESI probe that allowed heating of the sample
solution.

Figure 8. Spectra of hen egg white lysozyme at room temperature (lower panel), 48 °C (middle panel),
and 68 °C (upper panel). A shift to higher charge states with increasing temperatures reveals unfolding
of the protein structure. Adapted with permission from Benesch et al.,
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This device was used to monitor the thermal stability of lysozyme and the 200-kDa sHSP
complex. As mentioned above (Introdcution part I) sHsps prevent newly-synthesized
proteins from aggregation, but also proteins that are likely to unfold as a result of heat
stress. It was therefore interesting to investigate the behavior of the dodecameric sHSP
complex at elevated temperatures. The analysis revealed the dissociation of the sHSP
complex into monomeric subunits upon increasing temperatures, which is thought to be
essential for the functioning of this chaperone.
Hydrogen/Deuterium exchange to study protein conformations
Monitoring the changes in CSDs is one method to obtain information about the protein
structure by mass spectrometry. However, additional information can be obtained when
using hydrogen/deuterium exchange (HDX). Originally, in 1953, HDX was used in infrared
spectroscopy to monitor conformational changes in proteins, and later it was also utilized for
NMR studies. However, it took until the early 1990s before HDX was used in combination
with mass spectrometry to monitor protein conformation

191

. The principal of HDX is based

on the presence or absence of hydrogen bonds or the exclusion of other labile hydrogen
atoms from the solvent within the protein in solution

185,192,193

. The surface exposed

hydrogens can be replaced by deuteriums, and of course in an unfolded protein there are
more exchangeable hydrogens available than in a folded protein. Using this approach
roughly three different classes of hydrogen atoms have been identified. The hydrogen atoms
that are covalently bound to a carbon and are almost unexchangable; the free amine
hydrogens, which usually show a very rapid exchange and third are the backbone amide
hydrogen atoms that exchange relatively slow. The latter class of hydrogens is often
involved in the formation of D-helices or E-sheets. The HDX rate of the backbone amide
hydrogens is the most indicative for the conformation of a protein

181,194,195

. Recently HDX in

combination with mass spectrometry was used to monitor the conformation of hemoglobin
both in solution and in the gas phase

196

. It was shown that the oligomeric hemoglobin

structures (hexamers and octamers) observed in the gas-phase are most likely not present
in solution. This could be concluded from the observation that the HDX levels of the
hexamers and octamers in the gas-phase were similar to those of the tetramer. If the
hexamers and octamers would be present in solution, they would have a larger protected
surface area and thus a lower mass increase. This approach thus allows us to decipher the
relationship between the structures of proteins or protein complexes in the gas-phase and
those present in solution. The technique of HDX has also been utilised to monitor the
conformational state of proteins bound to the GroEL chaperonin

197-200

. Analysis of the

GroEL-DHFR complex revealed that the structure of bound DHFR was not much different
from that of the unfolded state and it was concluded that upon binding of DHFR to the
chaperonin only minor structural changes occur

200

. In contrast, when D-lactalbumin is bound

to GroEL only a very weak protection from exchange was observed indicating that the
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conformation is partly folded and might be similar to that of the uncomplexed molten globule
state of the protein 197.
Non covalent protein complexes
As was already mentioned in the first part of the introduction, the conformation of a protein is
of crucial importance for its functioning in the cell. In several cases folded proteins function
as part of a larger protein complex and hence have the ability to interact with other proteins,
DNA, lipids, metals and so on

156,157

. These interactions often control specific steps in a

complex cellular process such as signal transduction, translocation, degradation and others.
To be able to unravel the secrets of biological processes it is essential to investigate these
intact protein complexes.
As mentioned above the introduction of soft ionization techniques

165,167

made it possible to

spray the protein from an aqueous buffered solution at neutral pH. It was in 1991 that
Ganem et al.

201

, reported on the mass spectrometric analysis of an intact non-covalent

protein complex i.e. the receptor FKBP (11812 Da) in complex with a small organic
molecule. Shortly thereafter the complex between myoglobin and heme was monitored by
ESI mass spectrometry

202

, and soon many more reports followed. A huge breakthrough

came with the introduction of nano-flow electrospray ionization in the middle of the 1990s,
allowing the analysis of proteins under more physiological conditions

152

. Since then not only

did the number of publications reporting the analysis of non-covalent protein complexes
increase rapidly, but also the size of the protein complexes that were analysed. However, it
appeared that even with this technique the analysis of protein complexes with a molecular
mass of 100 kDa or higher was not possible because the successful transmission of
macromolecular ions required increased pressure in the first vacuum stages of the mass
spectrometer (Figure 9, next paragraph). This pressure increase is also known as collisional
cooling

203-206

and results in a significant reduction of the kinetic energy of the ions. The ions

can now have multiple collisions with the gas and consequently their axial and radial
components are reduced. Due to collisional cooling, the ion beam is focused and the ions
are transmitted more efficient into other parts of the mass spectrometer. Consequently, it
became possible to analyze ions with high m/z values. This was clearly shown by Tahallah
et al.

203

, who studied homo-octameric vanillyl-alcohol oxidase at low concentrations, when

the dimeric and octameric species are in equilibrium. The intensity of the ions of the different
oligomeric complexes was measured as a function of the pressure in the first vacuum stages
of the mass spectrometer. It turned out that the cooling conditions were not identical for all
ion species but depended on the molecular mass of the different ions.
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Gas-phase versus solution-phase
With the ability to retain multimeric non-covalent interactions from the solution-phase to gasphase, and the subsequent efficient transfer and detection of the intact macromolecular
ions, ESI mass spectrometry has gathered itself a pivotal role in structural biology. It
became possible to determine the molecular weight of protein complexes with an accuracy
that allowed deduction of the stoichiometry. It is important to realize that the number and
type of proteins that make up a biologically complex is crucial for its functioning

155,156

. Mass

spectrometry became used to extract information of both homo- and hetero-oligomeric
complexes. For example, when hemocyanin complexes from different crab species were
analyzed using mass spectromety it became clear that various oligomeric complexes were
present in different crab species

207

. The different complexes are most likely a reflection of

the crab’s living environment as one shore crab and two deep-sea crabs were used for the
analysis. Another example was reported by Tito et al.

208

, who analyzed the oligomeric state

of the recombinant V antigen from Yersinia pestis, the causative agent of the plague. The
mass spectrometry results showed that at physiological pH the V antigen exists
predominantly as a dimer and a weakly associated tetramer in solution. When a monoclonal
antibody raised against the V antigen was added to a solution containing V, the spectra
showed a 1:2 binding stoichiometry for the antigen:antibody complex as was expected since
the dimer was the main species.
One of the disadvantages of native mass spectrometry is that the biological samples are
detected in the gas-phase vacuum of the mass spectrometer and are thus stripped from
water molecules. However, nowadays it has been well-established that the stoichiometry of
protein complexes as measured by mass spectrometry is often consistent with the
stoichiometry of these complexes in solution-phase

157

. Although this is nice, it does not

mean that the structure of the quaternary complex in the gas-phase necessarily resembles
that in solution, which of course would be the ideal scenario. Through the years an
increasing number of articles have been published that report on the correlations between a
protein structure in the gas-phase to that in solution-phase or in a crystal
et al.

209

159,160,209

. Ruotolo

, has provided evidence that some of the quaternary structure of a protein can be

maintained even in the absence of bulk water. They showed by a combination of native
mass spectrometry and ion mobility that the 11-membered ring topology of the trp RNA
binding protein complex is maintained intact within the gas-phase vacuum of the mass
spectrometer

209

. In 2003, Pinkse et al.

159

reported on a study of the urease complex from

Helicobacter pylori. They showed that their data obtained by mass spectrometry was in
agreement with what had been observed using X-ray crystallography namely: the urease
complex is composed of 12DE units that form four D3E3 subcomplexes. In addition mass
spectrometry analysis showed that upon heating the intact D12E12 complex dissociates into
D3E3 subunits, supporting the ((DE)3)4 architecture.
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Tandem mass spectrometry on large protein complexes
Since mass spectrometry enables the analysis of more complex and larger non-covalent
protein assemblies, this analysis by itself is no longer always conclusive. To obtain more
structural information about a protein or protein complex, tandem mass spectrometry (also
called collisional induced dissociation (CID) mass spectrometry) is often used. Tandem
mass spectrometry is a method that allows the selection and dissociation of ions of a
specific m/z value. And in addition to determining the stoichiometry, tandem mass
spectrometry allows the investigation of the quaternary structure as well as the stability of
protein complexes.
However, for a long time tandem mass spectrometers were not capable of studying
macromolecular protein complexes, as the quadrupoles used to select the ions had a limited
m/z range. However, recently Sobott et al.

177

, introduced a quadrupole mass analyzer with

a modified RF unit that operates at a lower frequency and allowed the analysis and selection
of ions up to 32,000 m/z. In figure 9 a schematic representation of a nano-ESI Q-TOF mass
spectrometer is shown. As explained above (section mass analyzers and detectors) the
sample is ionized by applying a high voltage and the protein complex ions subsequently
enter the mass spectrometer, and in order to allow efficient transmission of the
macromolecular ions, the pressure in the first vacuum stages of the mass spectrometer
need to be increased, as depicted in the figure 9. Next, when the quadrupole is operating in
the mass selection mode, only ions of a specific m/z value are able to pass the quadrupole
and will enter the collision cell. In the collision cell the ions can undergo dissociation due to
the collisions with the argon gas molecules

157,177

. The extent of dissociation is influenced by

changing the pressure of the argon gas and the accelerating voltage. If a sufficient number
of collisions are made, the translational energy is converted into internal energy. When the
internal energy has reached a certain value, there is no choice for the ion but to decompose.
The number of collisions that the protein ions encounter in the collision cell can be estimated
by using the dimensions of the ions, the length of the collision cell and the argon pressure in
the collision cell 210.
The dissociation products are subsequently recorded in the TOF analyzer. The quadrupole
can also still operate in the mass resolving mode, and full mass spectra can be acquired.
When acquiring full mass spectra it is still possible to use collisional activation in the collision
cell. This combination normally results in increased desolvation and higher resolution. For
large protein complexes the measured mass is consistently higher than the theoretical
mass. The excess mass is attributed to the trapping of water molecules, buffer salts or
counter ions within the protein complex

156,211

. Some collisional activation will allow sufficient

translational energy to be converted to internal energy that dissociation of these adhered
small molecules from the protein complex can occur. As a consequence the complex
becomes more homogeneous, the peaks are narrowed and the mass accuracy increases
210,212,213

44

.

Chapter 1

Figure 9. Schematic representation of a Q-TOF mass spectrometer. The ion beam is indicated as a
black line, ending at the detector. The positions where it is possible to increase the pressure are
indicated, as well as the inlet for argon gas when performing tandem mass spectrometric analysis.

From several studies is has become evident that the decomposition pathway of different
large protein complexes is often similar i.e. the smallest component of the complex will
dissociate first

157,190,210,214,215

. Another commonly observed phenomenon of collision

induced dissociation is the asymmetrical charge distribution. When a small subunit is
dissociated from a large protein complex, the charges on the remaining complex are
unequally distributed. This unequal distribution is a general feature of tandem mass
spectrometry and resembles somewhat the a-symmetric fission of electrospray droplets. But
even though the large dissociation products with relatively low charges appear at very high
m/z values, they are still within the mass range of the TOF analyzer.
The ability to select specific m/z values, and subsequently monitor the dissociation pathway
of the selected protein complex, has increased the application of mass spectrometry in the
field of structural biology even further. Nowadays, it is possible not only to obtain the
stoichiometry of a complex but also structural information as well as information about the
stability and composition of large heterogeneous protein complexes can be obtained

157

. For
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instance, the stoichiometry and quaternary structure of tryptophan molecules in the
tryptophan RNA-binding attenuation protein (TRAP) complex was determined using this
approach

212

. This had led to a model which implies that tryptophan binding to the complex

induces conformational changes, thereby perturbing binding sites in neighboring subunits. In
another study the binding of a drug in a protein micelle complex could be revealed, which
was previously not possible due to the broad distributions of this heterogeneous protein
complex. Recently, tandem mass spectrometry has been used to investigate the quaternary
structure of sHsp chaperone complexes

216

. This sHsp protein (also called Ecrystallin) is

found primarily in the eye lens where it associates with DA-crystallin forming large heterooligomers

217

. Unlike ATP-dependent chaperones the D-crystallins do not actively refold non-

native proteins but rather facilitate the incorporation into large protein complexes, by
preventing non-specific aggregation

218

. The polydisperse nature of DB-crystallins has not

allowed any high-resolution insight into the structure. Aquilina et al., used tandem mass
spectrometry to facilitate the interpretation of the mass spectra. This allowed the
determination of the exact stoichiometry of the different oligomeric DB-crystallin species. The
GroEL chaperonin was also studied by tandem mass spectrometry, in 2004

210

. The

tetradecameric complex could be dissociated into highly charged monomers and
tridecameric ions with relatively few charges. This asymmetric charge distribution after
dissociation followed the general decomposition pathway of large protein complexes as
mentioned previously.
In summary, (tandem-) mass spectrometry provides a unique complementary tool to study
large and heterogeneous protein complexes. Therefore it is expected that the use of native
and tandem mass spectrometry will become extended even further, generating valuable
data that are complementary to high-resolution data generated by other techniques in
structural biology.
Scope of this thesis
This thesis describes an investigation into the mechanism of chaperonin-assisted protein
folding and focuses on the folding of the major capsid protein (gp23) of bacteriophage T4 by
the GroEL-gp31 folding machine; for which the phage provides the co-chaperonin gp31. At
the start of this project, recent advances in mass spectrometry had allowed the analysis of
some of the larger protein complexes. I set out to use high-tech mass spectrometry to
analyze the GroEL-gp31 chaperonin complex with the aim of obtaining unique information
that would provide further insight into the molecular mechanism by which this folding
machine facilitates the folding of the T4 viral capsid protein. In chapter 2 I start with
monitoring the complete GroEL-gp31 assisted protein folding cycle of gp23 by mass
spectrometry, and also the various intermediate chaperonin complexes are analyzed. In this
study I revealed that the GroEL chaperonin complex can bind up to two non-native gp23
molecules. This observation was in contrast to the general accepted idea and encouraged
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us to further investigate the substrate binding properties of the chaperonin complex by
tandem mass spectrometry. To be able to do tandem mass spectrometry experiments on
macromolecular protein complexes the instrument requires several modifications, as
described in chapter 3. A standard Q-TOF 1 instrument is transformed into a tandem mass
spectrometer that is suitable to determine the topology and quaternary structures of protein
complexes. In chapter 4 I performed a study on the interaction of GroEL with gp23 and
Rubisco and give an account of the structural properties of the different GroEL-substrate
complexes using tandem mass spectrometry. In chapter 5, I used tandem mass
spectrometry to investigate more chaperonin-substrate complexes as well as mutant
chaperonin complexes. Finally, the stability and the dynamic properties of the folded capsid
hexamer i.e. the main building block for the large phage capsid were determined by

15

N

exchange mass spectrometry and these results are presented in chapter 6.
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Abstract
Electrospray ionization mass spectrometry is used to analyze the different macromolecular
complexes involved in the chaperonin-assisted refolding of the 56 kDa capsid protein of
bacteriophage T4. Besides being able to analyze several known intermediate protein
complexes involved in the chaperonin folding cycle, ranging in mass approximately up to
1.000.000 Da, we reveal that GroEL 14-mers can bind up to two non-native gp23
polypeptide substrate molecules. Intriguingly, when the GroEL is in complex with the cochaperonin gp31, it binds exclusively one gp23 molecule. We also demonstrate that the
folding of the bacteriophage T4 capsid protein into a 336 kDa hexamer by the GroEL-gp31
chaperonin can be monitored directly by ESI-MS. In contrast, albeit as expected, the ESIMS data reveal that under similar conditions the analogous GroEL-GroES machinery is
unable to fold the T4 capsid protein. These data reinforce the great potential of ESI-MS as a
technique in the field of structural biology to investigate structure-function relationships of
protein assemblies in general, and the chaperonin-protein folding machinery in particular.
Introduction
Cells contain different kinds of protein machines that fulfill essential functions, like the DNA
polymerase complex (DNA replication), the ribosome (protein synthesis), signal transduction
complexes and molecular chaperones (protein folding). The GroEL-GroES folding machine
of Escherichia coli is by far the most extensively studied folding system. The chaperonin
complex is a member of the chaperonin family and is used by about 10-15% of the newly
synthesized polypeptides 1. It is a large oligomer of two different types of polypeptides,
GroEL (57 kDa) and GroES (10 kDa) that form the 21 subunit complex with a molecular
mass of 877 kDa and dimensions of roughly 140 by 185 Å. Figure 1a shows a 3D
reconstruction of GroEL as a homo-oligomeric cylindrical structure composed of fourteen
subunits, arranged into two identical heptameric rings stacked back-to-back with two-fold
rotational symmetry. Furthermore, the structure of the GroEL-GroES chaperonin complex is
shown, in which each of the two rings contains a distinct central cavity (Figure 1a, right). The
larger cavity is also called the Anfinsen cage, and is the confined environment in which
polypeptides fold. During the folding cycle, major asymmetric changes in the conformation of
the GroEL double-ring occur due to binding and hydrolysis of ATP and association of the
GroES co-chaperonin. Upon binding of GroES the non-native GroEL bound polypeptide
becomes encapsulated and re-directed into the Anfinsen cage where folding occurs (cisfolding complex)

2-4

. In contrast to the dramatic structural changes that take place in this cis-

ring, the empty trans-ring is thought to closely resemble one-half of unliganded GroEL 5.
Subsequent ATP hydrolysis in the cis-ring primes release of the products, and binding of
ATP, substrate and GroES to the trans-ring then disrupts the cis-complex. This process
allows the polypeptide to achieve its folded state, or to recycle to another chaperonin
machine if the folding process has not been successful 6. For some proteins, the folded
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polypeptide still needs to oligomerize after release from the chaperonin complex to form its
biologically active structure 7.

Figure 1. Crystal structure of chaperonins. Crystallographic models of the GroEL-GroES chaperon in
system from Escherichia coli and a comparison of Escherichia coli co-chaperonin GroES with
bacteriophage T4 gp31. (a) Overall structure of GroEL on the left and the GroEL-GroES chaperonin
complex on the right. (b) Structure of GroES (left) and gp31 (right). As can be seen clearly in (a) the
binding of GroES to GroEL induces a change in the conformation of the GroEL cis-ring. Also note that
the overall structures of gp31 and GroES are similar. Used PDB accession codes: 1AON, 1G31, 1HX5
and 1J4Z.

Interestingly, the folding potential of the E. coli chaperonin machine can be extended by
using a different co-chaperonin. Bacteriophage T4 has presented us with a fascinating way
of how this type of molecular chaperone machine can be exploited. Upon infection of E.coli,
bacteriophage T4 provides the host cell with a phage-encoded protein, called gp31. This
protein displaces the host co-chaperonin GroES resulting in a hybrid chaperonin complex,
GroEL-gp31, that is suitable for the folding of the bacteriophage major capsid protein, gp23
8

. It is riveting to consider the structural and mechanistic consequences of replacing the lid of

the GroEL-GroES folding machine. The tertiary and quaternary structures of gp31 and
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GroES are quite similar (Figure 1b) despite the fact that their amino acid sequences only
shows 14% identity 9. Like GroES, gp31 forms a heptameric ring that consists of identical
subunits, however, it has a somewhat higher mass (i.e. 84 kDa vs. 70 kDa for the
heptamers). It is thought that upon binding of gp31 to GroEL the shape and volume of the
Anfinsen cage slightly increases compared to that in the GroEL-GroES complex. This
increase in volume should be sufficient to accommodate the large 56 kDa capsid protein8.
Despite the considerable amount of information available about the interplay between
GroEL, the co-chaperonin GroES and the nucleotides during the protein folding cycle,
details about the molecular mechanism that explains why gp31 allows the correct folding of
gp23, and GroES does not, are only slowly starting to emerge.
The GroEL-GroES machine is one of the largest protein complexes that has been
characterized by electron microscopy
spectroscopy

14-16

10-12

, X-ray crystallography

13

and recently by NMR

. These techniques have provided large amounts of detailed structural

information, which has been used to generate hypotheses about the possible molecular
mechanism by which the chaperonin folding machine may operate. In addition to the fact
that these techniques generally demand large amounts of highly homogeneous protein
(complex), they are not very well suited to provide information about the structure of
“intermediates” or the different components in mixtures of protein complexes. Mass
spectrometry (MS) may be able to help in this regard. The realization that coupling of
electrospray ionization (ESI) with time-of-flight mass analysis could greatly increase the
mass-to-charge (m/z) range attainable by mass spectrometry

17

, has extended the realm of

mass spectrometry also to the field of macromolecular non-covalent complexes18-21.
Together with a careful control of the pressure regime after ESI and during acceleration of
the ions within the mass spectrometer

22,23

, these techniques now enable the analysis of

large protein complexes such as the bacterial ribosome

24

. ESI is particularly well suited for

the detection of intact non-covalent structures in large multi-subunit protein complexes and
allows monitoring of quaternary structures and changes that occur upon binding of cofactors, metal ions, nucleotides, ligands etc., information which is often essential for
understanding the cellular functions of protein machines

19

. In the present study a combined

approach of biochemistry and mass spectrometry is used to explore the stoichiometry,
quaternary structures and the stability of the different conformations of the chaperonin
folding machine that (may) exist during the folding cycle. Inspired by the pioneering work of
the group of Robinson, who used ESI-MS to monitor substrate polypeptides such as Dlactalbumin and hen lysozyme

25-27

as well as the tetradecameric GroEL itself

28

, we set out

to monitor the GroEL-gp31 chaperonin-assisted gp23 folding cycle. In order to gain
information about the different steps in the cycle we have developed conditions that allow
the analysis of mixtures of different folding intermediates ranging in mass up to one million
Da. The results provide insight into the folding of the bacteriophage T4 capsid protein gp23,
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the mechanism of the chaperonin folding machine and demonstrate the great potential of
ESI-MS in the study of chaperonin-assisted protein folding.
Results
Monitoring macromolecular GroEL-gp31 complexes by mass spectrometry
The production of desolvated intact ions in vacuo from large protein complexes in solution
by electrospray ionization requires substantial cooling of ions, which may be achieved by
increasing the pressure in the first vacuum stages of the mass spectrometer

22,23,29,30

these experimental parameters are dissimilar for complexes with different masses

. As

22,23,30

, we

initially set out to record mass spectra of the individual chaperonin components, namely the
~800 kDa GroEL tetradecamer and the 84 kDa gp31 heptamer (Figure 2a and b).

Figure 2. The analysis of GroEL-gp31 complexes by mass spectrometry. Nano-electrospray ionization
mass spectra of (a) tetradecameric GroEL, (b) heptameric gp31 and (c) tetradecameric GroEL and
heptameric gp31 sprayed from a single solution, containing 1 PM GroEL and gp31. The charge state
series centered around m/z values of 12,000 correspond to GroEL, those centered around m/z values of
4,500 correspond to gp31. (d) Mass spectrum of GroEL in complex with gp31 in the presence of ADP
2+

and Mg . The new charge state distribution centered around m/z values of 13,500 represents the
chaperonin complex with a mass of 888 kDa, close to that expected for the GroEL-gp31 complexed with
2+

ADP nucleotide and Mg . Free tetradecameric GroEL is also present since GroEL was added in an
excess over gp31.
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Unless stated otherwise, all the proteins are always referred to as in their oligomeric state,
except for gp23 that is used as a monomer. It turned out that the optimal electrospray
conditions for the individual protein oligomers were quite different. Whereas the best result
for the GroEL was obtained at a cone voltage of 200 V, for gp31 a maximum cone voltage of
90 V had to be used. It is worthwhile to note that the mass spectrometric data for GroEL are
in good agreement with previously reported spectra on GroEL

28

, although at present we are

able to attain a much higher mass resolving power. When gp31 was measured and the cone
voltage was increased to values that were optimal for GroEL the formation of additional
hexameric and monomeric species of gp31 was observed, probably formed by gas phase
dissociation (data not shown). Therefore, upon spraying a solution containing both GroEL
and gp31 we used somewhat compromised experimental conditions (i.e. a cone voltage of
100 V) and observed primarily intact GroEL and gp31 (Figure 2c). In all the spectra shown in
Figure 2 the GroEL complex gives rise to a charge state series centered around m/z values
of 12,000, whereas the charge state distribution of gp31 (84 kDa) is centered around m/z
values of 4,500. The very small shifts in charge state distributions are due to different
instrument settings. To measure intact GroEL-gp31 complexes, a solution containing GroEL,
gp31, ADP and Mg2+ ions was analyzed. As is shown in Figure 2d, a new charge state
distribution appeared in the resulting mass spectra centered around m/z values of 13,000.
The molecular mass for this newly formed complex was 888 kDa, close to that expected for
the chaperonin-co-chaperonin complex of GroEL and gp31, loaded with ADP and Mg2+ ions.
Complex formation could be observed within several minutes following the addition of ADP
and Mg2+, similar to rates of GroEL-GroES complex formation 4. Because an excess of
GroEL over gp31 was used, the spectrum also shows a charge state series corresponding
to free GroEL. ESI-MS experiments, whereby gp31 was replaced by the co-chaperone
GroES, gave similar results (data not shown), i.e. intact GroEL-GroES complexes could only
be observed after addition of ADP and Mg2+. These data show that large non-covalently
bound protein chaperone complexes such as GroEL together with gp31 or GroES can
successfully be analyzed by using ESI-MS to determine their stoichiometry.
In agreement with ESI-MS data, gel filtration experiments revealed that the gp31 cochaperonin indeed forms a stable complex with GroEL in the presence of ADP and Mg2+
ions. The chaperonin complex eluted from the column at a position indicating a molecular
mass of about 880 kDa (Figure 3, peak 2). SDS-PAGE analysis of the GroEL containing
fractions, with and without the presence of ADP clearly shows this complex formation (inset).
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Figure 3. Formation and characterisation of the GroEL-gp31 chaperonin complex. GroEL forms a stable
2+

complex with gp31 only in the presence of ADP and Mg . GroEL was incubated with gp31 in the
absence or presence of ADP and Mg

2+

ions and subjected to gel filtration. The inset shows SDS-PAGE

analysis of the GroEL-containing fractions, the proteins are detected with CBB staining.

Binding of the non-native gp23 polypeptide to GroEL
Often the first step in an in vitro chaperonin-assisted protein folding cycle is the binding of a
non-native polypeptide to GroEL. This intermediate complex is usually generated by diluting
the unfolded polypeptide (from aqueous 6 M urea) into a buffer containing GroEL. We used
circular dichroism measurements to confirm that the gp23 substrate protein was indeed
unfolded under these conditions (data not shown). Subsequently, unfolded gp23 was added
to a fixed amount of GroEL, in ratios ranging from 1:1 to 1:4 (GroEL:gp23). Prior to ESI-MS
analysis the remaining urea was removed by exchanging the buffer for 50 mM ammonium
acetate pH 6.8. Figure 4a shows the mass spectrum acquired from a solution containing
GroEL and gp23 in a ratio of 1:4. Surprisingly, three different charge state distributions were
visible. Deconvolution of the spectra revealed that these charge states correspond to free
GroEL (800 kDa), GroEL in complex with one gp23 substrate molecule (857 kDa) and
GroEL in complex with two gp23 substrate molecules (913 kDa), respectively (Figure 4b).
This indicates that GroEL can bind up to two non-native gp23 polypeptides. Most of the
literature data suggests that the chaperonin rarely binds polypeptides to both rings as a
result of the negative allosteric effects between the two rings 4. However, it has also been
reported that GroEL can sometimes bind up to two substrate molecules11,31,32.
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Figure 4. Stoichiometry of GroEL:gp23 binding and characterization of the complexes. (a) Nanoelectrospray ionization mass spectra of a 1:4 mixture of GroEL and non-native polypeptide gp23. The
charge state series of free (800 kDa) GroEL (closed circles), GroEL with one gp23 substrate moleculs
bound (857 kDa, gray squares) and GroEL with two gp23 substrate molecules bound (912 kDa, open
circles). (b) Deconvoluted spectrum of (a), clearly revealing the presence of the three chaperonin
complexes with their different binding stoichiometries. c) GroEL-gp23 complexes formed at GroEL:gp23
ratios ranging from 1:0 to 1:4 were subjected to gel filtration chromatography and fractions
corresponding to the elution position of GroEL were analyzed by SDS-PAGE followed by CBB staining
(top panel) and Western blotting (bottom panel). Lane 1: purified gp23; lanes 2-7: samples prior to gel
filtration; lanes 8-13: fractions containing GroEL.

Since nucleotides influence the binding of some substrate polypeptides, ADP and Mg2+ ions
were added to the preformed GroEL-gp23 complexes. Similar ESI mass spectra with the
same three charge state distributions were obtained (data not shown). Note that no gp31
was present in these binding experiments and, therefore, binding of gp23 to GroEL in vitro
does not depend on the co-chaperonin. These observations clearly illustrate a nearly unique
feature of ESI-MS when analyzing dynamic processes, i.e. oligomeric complexes of different
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stoichiometries can be observed simultaneously. An important question though, is whether
the observed binding of the two substrates is selective and specific. Our data indicate that
the unfolded gp23 molecules indeed binds specifically, as we do not observe any third
substrate binding to GroEL, not even at a 1:4 ratio GroEL:gp23, which would be an
indication for non-specific binding. In the next section additional data is presented to
authenticate the specificity of the binding of the gp23 substrate molecules by GroEL.
For validation purposes a similar preparation in aqueous ammonium acetate, was subjected
to gel filtration chromatography. The proteins present in the different fractions were analyzed
using SDS-PAGE and Western blotting. GroEL and gp23 co-eluted at a position indicating a
molecular mass of somewhat over 800 kDa, confirming the formation of GroEL-gp23
complexes (Figure 4c, lanes 9-13). When the ratio of GroEL to gp23 was varied it became
apparent that the amount of gp23 in complex with GroEL reached a maximum at a ratio of
1:1.5. The addition of more unfolded gp23 no longer increased the amount of gp23 binding
to GroEL significantly (Figure 4c, lanes 11-13). Since not all unfolded gp23 molecules did
bind to GroEL (the gp23 signal on Western blot in the pre-column sample is higher than for
the corresponding gel-filtration fraction, lanes 5 and 11) we estimate that on average
approximately one substrate molecule was bound per GroEL. This is actually in agreement
with the mass spectrometry data, where a distribution of complexes containing 0, 1 or 2
gp23 molecules was observed, with also on average binding of one substrate polypeptide.
When native, instead of unfolded, gp23 was added to the GroEL, no co-elution was
observed (data not shown).
Characterization of the ternary complex between GroEL, gp23 and gp31
To study distinct steps in the chaperonin folding cycle and arrest the folding process such
that stable folding intermediate structures accumulate different types of nucleotides were
used. It is known that ADP and ATP both support the binding of the co-chaperonin and the
formation of the Anfinsen cage, while only ATP and co-chaperonin binding triggers folding of
a bound substrate

4,33,34

. After addition of ADP, Mg2+ and the heptameric co-chaperonin

gp31 to the mixture of GroEL and gp23, which as illustrated in Figure 4a, is composed of
GroEL and GroEL bound either by one or two gp23 molecules, the sample was reanalyzed
using ESI-MS settings identical to those used in the previous experiments. Fascinatingly, a
profound effect on the binding of the gp23 molecules to GroEL was observed illustrated by
the spectrum shown in figure 5a. The new single charge state distribution corresponds
exclusively to a complex with a mass of approximately 944 kDa, indicating the formation of a
ternary complex that is composed of one tetradecameric GroEL, one heptameric gp31 and
only one monomeric gp23 substrate molecule complexed with ADP and Mg2+ ions. These
data suggest that addition of Mg2+ ions, ADP and gp31 induces conformational changes in
GroEL that reflects the earlier reported negative co-operativity, by which formation of the ciscomplex on one ring of GroEL opposes a similar event to happen on the opposite ring 4. As
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the concentration ratio of GroEL and gp23 was exactly the same for the spectra shown in
Figure 4a and 5a, again it is evident that the binding of up to two gp23 substrate molecules
to non-liganded GroEL is really specific and not an experimental artifact, as the addition of
Mg2+ ions, ADP and the co-chaperonin reduced the number of bound gp23 substrate
molecules exclusively to one.

Figure 5. In vitro refolding of gp23 monitored by mass spectrometry. (a) Nano-electrospray ionization
2+

mass spectrum of a solution containing GroEL, gp31, gp23 ADP and Mg . Only one charge state
distribution is observed corresponding to a complex with a mass of 944 kDa, which matches closely the
expected mass of a ternary GroEL-gp31-ADP-Mg

2+

complex with one gp23 substrate molecule. (b) as

(a) except that ATP was used instead of ADP, revealing in vitro refolding of gp23, resulting into gp23
hexamer assemblies. The charge state distribution of the 336 kDa hexameric gp23 is centered around
m/z values of 8,000. The GroEL-gp31 complex gives rise to a charge state distribution centered around
m/z values of 13,000 (open circles). A small amount of free tetradecameric GroEL is also present
(closed circles). The inset shows the mass spectrum obtained for hexameric gp23 as purified from E.
coli. (c) Same as (b) except that GroES is used instead of gp31. No gp23 refolding is observed. The
only charge state series present in this spectrum indicates a 933 kDa ternary complex between GroEL,
2+

GroES, gp23, nucleotide and Mg .
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Refolding of gp23 by the GroEL-gp31 chaperonin machine
The next goal was to monitor the complete GroEL-gp31 assisted folding cycle of gp23 by
mass spectrometry. To achieve this, the same experiments as described above were
performed, now using ATP instead of ADP. It has been well-documented for the GroELGroES machinery that after ATP hydrolysis in the cis-ring, ATP and substrate binding to the
trans-ring occurs, which triggers the dissociation of GroES. This is followed by the release of
the (partly) folded polypeptide from the Anfinsen folding cage. When ATP instead of ADP
was used in an in vitro refolding experiment a remarkable effect was observed (Figure 5b).
Most strikingly, a completely new charge distribution appeared centered around an m/z
value of 8,000, representing a species with a mass of 336 kDa that originates thus most
likely from properly refolded gp23, which has assembled into hexameric oligomers. The
mass spectrum also revealed the presence of the GroEL-gp31 complex and unliganded
GroEL with charge distributions centered around 13,500 and 12,000 m/z, respectively,
probably re-formed after the dissociation of the folded gp23 substrate and the gp31 cochaperonin. For comparison we also recorded the mass spectrum of the native folded gp23
protein after purification from E. coli, (Figure 5b, inset). This spectrum is very similar to the
lower charge distribution, centered around an m/z value of 8,000, observed in the mass
spectrum of figure 5b. This further confirms the assumption that this charge distribution
indeed represents folded hexameric gp23 oligomers. It is known that properly folded gp23
forms hexamers in vivo

35

, and therefore these results reveal that ESI-MS can be used to

obtain insight into the GroEL-gp31 assisted folding cycle of the gp23 capsid protein.
As mentioned above, the gp31 co-chaperonin is essential for folding of gp23 in vivo

8,36,37

.

When GroES was added as co-chaperonin instead of gp31, the resulting ESI mass
spectrum was quite different, and no hexameric gp23 was detected, not even after a 5-fold
longer incubation time. The mass spectrum showed only a single charge state distribution
(Figure 5c), which represents the formation of a 933 kDa ternary complex of GroEL-GroESgp23 (1:1:1) with ADP/ATP and Mg2+ exclusively. These results show that also in our in vitro
refolding system GroES fails to facilitate the folding of the capsid protein, which is in
agreement with the exclusive requirement of gp31 as co-chaperonin in vivo, during the
infection of E. coli by bacteriophage T4

36,37

, even though it is possible to form ternary

complexes.
Discussion
Here we report the use of ESI-MS to monitor chaperonin-assisted protein folding and the
characterization of macromolecular non-covalent protein complexes that are intermediates
of this folding cycle. Our experimental approach is schematically summarized in Figure 6. In
short: the 336 kDa hexameric gp23 (Figure 6a) was unfolded in urea (Figure 6b), after which
the monomeric 56 kDa gp23 molecules were added to GroEL (Figure 6c). Following buffer
exchange to ammonium acetate, required for mass spectrometry, GroEL oligomers with
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either zero, one or two gp23 molecules were observed (Figure 6d). It is known that GroEL
seldom binds polypeptides to both rings 4, as a result of the negative allosteric effects
between the two rings, although it has been reported previously that GroEL can sometimes
bind up to two substrate molecules, one in the centre of each heptameric ring

11,31,32

. Here

we show that the mixture of GroEL-gp23 complexes that is formed that can be distinguished
by ESI-MS. From the subsequent experiment, in which ADP, Mg2+ ions and gp31 were
added to this GroEL-gp23 complex, it became evident that the binding of the second
substrate molecule is not an artifact of the mass spectrometric approach. After the addition
of the co-factors and the co-chaperonin, a mass spectrum showing only a single charge
state distribution that originates from the GroEL-gp31 (ADP and Mg2+) complex with just one
gp23 molecule bound remains. These results indicate that the conformational changes in
GroEL, due to the binding of nucleotide and co-chaperonin gp31 leads to the formation of a
ternary chaperonin complex with only one substrate polypeptide gp23 bound to the GroELgp31 complex (Figure 6e). Refolding of gp23 by the GroEL-gp31 chaperonin machine was
further investigated by substituting ATP for ADP (Figure 6f). We observed that monomeric
gp23 was successfully refolded into a conformation that allowed oligomerization into a stable
native-like hexameric structure (Figure 6g). To investigate whether our in vitro situation
resembles the in vivo situation, refolding of gp23 was analyzed in the presence of the
GroEL-GroES folding machinery, ATP and Mg2+ (Figure 6h). In agreement with what is
observed in vivo, no hexameric gp23 was formed, although somewhat surprisingly we
detected a specific ternary complex of GroEL-GroES, loaded with nucleotide and Mg 2+ ions,
with one gp23 molecule attached to it.
A limitation of the mass-spectrometry based technique we use here is that we are unable to
determine if either cis- and/or trans- chaperonin complexes are formed during the different
folding steps. The ability to determine the location of gp23 in the chaperonin complexes is
important for a better understanding of the folding cycle. Recent studies
digestion assays revealed that after the addition of ADP, Mg

2+

38

using proteolytic

ions and gp31 to the GroEL-

gp23 complex, cis- and trans- complexes are formed in equal amounts. In contrast, upon
formation of the ternary GroEL-GroES-gp23 complex, only trans-complexes were formed.
From these studies it has been proposed that gp23 can be captured in the GroEL-gp31
folding cage but that encapsulation in the GroEL-GroES folding cage is not possible. This in
combination with our mass spectrometry data shows that the correct folding of gp23 can
only be accomplished by gp31, via a mechanism that requires encapsulation of the capsid
protein in the GroEL-gp31 chaperonin complex.
Our data reinforce that native ESI-MS has a great potential as a complementary technique
in structural biology for the investigation of structure-function relationships of large protein
assemblies. The mass spectrometric approach allows the analysis of heterogeneous
complex samples at a picomole sensitivity level. With optimal experimental conditions the
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mass resolution can be sufficient to analyze simultaneously heterogeneous samples even
when they have a mass close to one million Da.

Figure 6. Overview of the experimental design used to monitor individual steps during GroEL-assisted
in vitro refolding of gp23. First gp23 (a) is unfolded in 6M urea (b) and diluted into a GroEL containing
buffer, upon which complex formation can occur (c). To verify the binding of gp23 to GroEL with ESIMS, urea needs to be removed and the buffer changed (d). The addition of ADP, Mg

2+

ions and co-

chaperonin gp31 results in the formation of the chaperonin complex in which protein folding can occur
(e). In the presence of ADP, gp31 is not able to dissociate from this complex, and gp23 is trapped inside
the folding cage, which allows us to study this complex by ESI-MS. To complete the refolding of gp23,
ATP is added instead of ADP, which results in the formation of correctly folded hexameric gp23 and a
complex between GroEL and gp31 (f,g). When GroES was used as the co-chaperonin instead of gp31
2+

in the presence of ATP and Mg no folding was observed (h).
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Besides, being able to analyze several known intermediate structures, we show that GroEL
can bind up to two large (56 kDa) non-native gp23 substrate molecules, and that the folding
of gp23 occurs exclusively with the aid of GroEL-gp31 and not with GroEL-GroES. Distinct
protein complex intermediates that occur in the chaperonin cycle were observed when the
folding cycle was arrested using ADP or by using the co-chaperonin GroES instead of gp31.
This native mass spectrometry approach has thus added to our insight into the mechanisms
of chaperonin-dependent protein folding, and may in future studies also be suitable to study
reaction cycles of other large and complex heterogeneous protein assemblies.
Materials and Methods
Protein preparations
The GroEL and GroES proteins were over-expressed in Escherichia coli strain MC1009.
Cells were grown in Luria-Bertani (LB) medium with 100 Pg/ml ampicillin and 0.0005% (w/v)
arabinose at 37 oC. GroEL was purified according to a previously described protocol
an additional acetone precipitation step

40

. The GroES purification

39

39

, with

was modified by

replacing the MonoQ-sepharose HR anion exchange chromatography at pH 5.3 for a heattreatment step. Heat treatment was performed at 72 oC for 10 min under continuous stirring,
followed by centrifugation for 2 h at 4 oC and 11,000 rpm (Sorvall rotor, SS-34 rotor). GroES
was detected in the supernatant while impurities were found in the pellet. The bacteriophage
T4 encoded co-chaperone gp31 was over-expressed in E. coli strain MC1009

41

. Cells were

grown in LB medium with 100 Pg/ml ampicillin and 0.001% (w/v) arabinose at 37 oC under
vigorous conditions. Gp31 was purified as described previously

42

. The major capsid protein,

gp23, was expressed from the IPTG-inducible plasmid pET2331 in E. coli strain BL21(DE3),
a generous gift from L. Black (University of Maryland, Baltimore, USA). Gp23 is coexpressed with gp31, resulting in the formation of polyheads. Purification of gp23 was
essentially as described previously

43

. A slight modification was the dissociation buffer in the

last purification step. Polyheads were dialyzed for 4 h against 10 mM Tris-HCl pH 9.0 at 4 oC
followed by centrifugation for 40 min at 17,000 rpm and 4 oC (Sorvall, SS-34 rotor). The
pellet contained most of the impurities, while the supernatant contained almost exclusively
T4 major capsid protein, gp23.
Sample preparation for gel filtration chromatography
Unless stated otherwise, oligomeric protein concentrations are mentioned throughout the
text, except for gp23. Gp23 was unfolded in 6 M urea for 1 h at room temperature. GroELgp23 complexes were formed by adding sequential aliquots of unfolded gp23 to 50 mM TrisHCl pH 7.5, 50 mM KCl and 5 mM MgCl2 containing 0.14 PM GroEL. Various molar ratios of
GroEL 14-mer:gp23 were used. Complex formation was allowed to proceed for 5 min at
room temperature. GroEL-gp31 complexes were formed using 0.8 PM GroEL with excess of
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gp31 (1.9 PM) in a buffer containing 50 mM Tris-HCl pH 7.4, 20 mM KCl, 20 mM MgCl2, 0.1
mM DTT either in the presence or the absence of 0.25 mM ADP.
Gel filtration chromatography
Protein mixtures were passed over a 0.45 PM membrane filter (PVDF Durapore, Millipore)
before applying to a TSK-Gel G4000SWXL gel filtration column (Tosoh Bioscience). The
column had been equilibrated with a buffer corresponding to the buffers used during sample
preparation (see previous paragraph), at room temperature. In addition, the buffer for the
GroEL-gp23 complex analysis contained 0.01% v/v Tween-20. After gel filtration
chromatography, column fractions were treated with acetone (80% v/v) and the precipitated
proteins were separated by SDS-PAGE. To separate GroEL from gp31 and GroEL from
gp23 a 15% and 7% polyacrylamide gel was used respectively. Gp23 was detected by
Western blotting. The primary antibody was raised in guinea pigs and detected by a
secondary antibody conjugated with horseradish peroxidase.
Mass Spectrometry
MS measurements were performed in positive ion mode using an electrospray ionization
Time-of-Flight (ESI-ToF) instrument (LC-T; Micromass, Manchester, U.K.) equipped with a
Z-spray nano-electrospray ionization source. Needles were made from borosilicate glass
capillaries (Kwik-Fil, World Precision Instruments, Sarasota, FL) on a P-97 puller (Sutter
Instruments, Novato, CA), coated with a thin gold layer by using an Edwards Scancoat
(Edwards Laboratories, Milpitas, CA) six Pirani 501 sputter coater. To produce intact ions in
vacuo from large complexes in solution the ions were cooled by increasing the pressure in
the first vacuum stages of the mass spectrometer

22,23,29

. In addition efficient desolvation

was needed to sharpen the ion signals in order to withdraw the stoichiometry of the
complexes from the mass spectrum. Therefore, source pressure conditions were raised to
values ranging from 7.5-9.9 mbar, and nano-electrospray voltages were optimized for
transmission of the macromolecular protein complexes. The pressure in the interface region
was adjusted by reducing the pumping capacity of the rotary pump by closing the speedvalve

22

. The needle voltage varied between 1300 and 1500V and the sample cone voltage

between 80V-200V. All spectra were mass calibrated by using an aqueous solution of
cesium iodide (50 mg/ml).
Sample preparation for mass spectrometry
Buffer exchange of GroEL, GroES, gp31 and gp23 samples to 50 mM ammonium acetate
pH 6.8, was performed by using ultra filtration units with a cut-off of 5000 Da (Millipore,
Bedford). Both GroEL and gp31 were measured at a concentration of 1 PM. GroEL-gp31
complexes were formed in the presence of 400 PM ADP and 400 PM magnesium acetate
(an excess of GroEL was used). GroEL-gp23 complexes were formed as described above.
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To remove urea from the samples, the buffer was changed to 50 mM ammonium acetate pH
6.8. The ternary GroEL-gp23-gp31 was formed by adding 400 PM ADP, 400 PM magnesium
acetate and 2 PM gp31 to a solution containing GroEL-gp23 complexes. The ternary GroELGroES-gp23 complex was formed using a similar protocol but using GroES rather than
gp31. For the gp23 refolding experiments ATP was used instead of ADP at an identical
concentration. All measurements were performed at room temperature.
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Abstract
We modified and optimized a first generation quadrupole time-of-flight (Q-TOF) 1 to perform
tandem mass spectrometry on macromolecular protein complexes. The modified instrument
allows isolation and subsequent dissociation of a protein-ion complex through collisions with
argon molecules. The modifications of the Q-TOF 1 include the introduction of 1) a flowrestricting sleeve around the first hexapole ion bridge, 2) a low frequency ion-selecting
quadrupole, 3) a high pressure hexapole collision cell, 4) high transmission grids in the
multi-component ion lenses and 5) a low repetition rate pusher. Using these modifications
we demonstrate the experimental isolation of ions up to 12,800 mass-to-charge units and
detection of product ions up to 38,150 Da, enabling the investigation of the gas-phase
stability, protein complex topology and quaternary structure of protein complexes. Some of
the data reveal a so far unprecedented new mechanism in gas-phase dissociation of protein
oligomers, whereby a tetramer complex dissociates into two dimers. This data add to the
current debate whether gas-phase structures of protein complexes do retain some of the
structural features of the corresponding species in solution. The presented low-cost
modifications on a Q-TOF 1 instrument are of interest to everyone working in the fields of
macromolecular mass spectrometry and more general structural biology.
Introduction
In recent years electrospray ionization (ESI) mass spectrometry has become an increasingly
important method not only to analyze peptides in proteomics

1,2

, but also to study proteins

and protein complexes of increasing size and complexity in structural biology

3,4

. The

analysis of proteins and protein complexes by mass spectrometry (macromolecular or native
mass spectrometry) has become possible because of the development of a relatively gentle
ionization procedure ESI, which retains non-covalent interactions 5. In the ESI process a
transition of the protein in the solution-phase to highly charged droplets and finally to protein
ions in the gas-phase takes place by a combination of collision-induced and thermal
desolvation. When the ESI process is carried out on folded proteins using aqueous buffers,
i.e. near physiological conditions, series of relatively lowly charged protein ions are
produced. The mass-to-charge (m/z) ratios of these proteins can well be over 10,000 and,
therefore, time-of-flight (TOF) analyzers with orthogonal injection are the most common
used analyzers in the field of macromolecular mass spectrometry.
The mass analysis of larger proteins and protein complexes is not a routine technique, since
a careful optimization of the operating conditions is always required. Despite the
theoretically unlimited mass range of TOF analyzers, most instruments have detection
problems when the m/z values exceed 4,000. We and others have shown that a pressure
increase in the first and second vacuum chamber of the mass spectrometer is an absolute
requirement for the analysis of large proteins
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cooling and focusing of large ions in the ion guides and, therefore, improved transmission
through the ion guides and the TOF 9.
For the analysis of a single protein, mass measurement is often sufficient and can identify
e.g. protein modifications and oligomerization state. However, when more complex
biomolecules, such as protein complexes or protein-DNA complexes are analyzed mass
measurement alone is insufficient to delineate all possible combinations of proteins and their
ligands. An additional problem for mass spectrometry of very large (heterogeneous)
complexes is the high number of charges these complexes attain and the potential overlap
of ions from different species present in the sample, which makes the mass spectra very
complicated. For these more complex samples tandem mass spectrometry can be used to
dissociate complexes in the gas-phase in a sequential fashion to identify the building blocks,
and potentially also complex topology, quaternary structure and stability

10

. In tandem mass

spectrometry experiments an ion is selected on the basis of the m/z value in the first
quadrupole mass analyzer after which the selected ion is dissociated in a gas-filled collision
cell. The subsequent TOF analyzer then allows the detection of the product ions. Early
studies with hemoglobin showed that activation of the non-covalent oligomeric complex in
the mass spectrometer results in the dissociation of one monomer, which carried more
charges than expected on the basis of the monomer molecular mass

11

. Further studies

have shown that the asymmetric separation of mass and charge is a common phenomenon
for gas-phase dissociation of protein complexes (see for recent reviews on this topic

12,13

).

The common pathway of gas-phase collision induced protein complex dissociation inside the
mass spectrometer can be described as follows:
Cz ĺ Mx + [C-M]z-x

(Equation 1)

Where C is the protein complex, M is dissociated monomeric subunit, z is the number of
charges of the complex and x is the number of charges carried by the dissociated
monomeric subunit.
Tandem mass spectrometry of large protein complexes is a relatively new field in
macromolecular mass spectrometry. This is due to the fact that most commercial
quadrupoles can transmit ions to a certain limit, which is dependent on the RF amplitude,
frequency and diameter of the rod assembly. The transmission limit (Mmax) is given by:
Mmax = 7 x 106 Vm / f2 r02

(Equation 2)

With Vm cos(2 S f t) as the RF voltage applied between the rods (2Vm is the peak-to-peak
amplitude; f, the frequency; and t the time) and r0 as the inner radius between the rods. A
standard first generation Q-TOF 1 (Micromass) operates at a frequency of 832 kHz setting
the transmission limit to m/z 4,190. By replacing the standard RF generator by a RF
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generator that operates at a lower frequency the upper transmission limit can, at the cost of
mass resolution, be extended

14

. As the quadrupole is only used as a mass filter to isolate

ions for tandem mass spectrometry and the TOF analyzer is used to mass analyze the
product ion spectrum, the resolution is not compromised significantly.
In this project, we have modified and optimized a first generation Q-TOF 1 instrument for
macromolecular tandem mass spectrometry. All modifications are schematically presented
in Figure 1 and explained in more detail in the materials and methods section.

Figure 1. Schematic layout of the modified first generation Q-TOF 1 instrument (Micromass, U.K.). For
details of modifications see materials and methods section. The hexapole pressure sleeve, the
quadrupole, the pirani gauge, the high pressure collision cell and the high transmission grids are
modifications relative to the standard Q-TOF 1 configuration (indicated in bold).

As pointed out above two critical factors had to be explored: the operating pressures in the
different regions of the mass spectrometer and the m/z range of the first quadrupole mass
analyzer. The described low cost modifications can be applied on all standard Q-TOF
machines. We demonstrate the potential of the instrument for macromolecular tandem mass
spectrometry by studying gas-phase stabilities of chaperone complexes, vanillyl-alcohol
oxidase and two proteins involved in pentose metabolism, arabinose dehydrogenase and 2keto-3-deoxyarabinonate dehydratase. The generated data allowed us to hypothesize on the
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relevance of these experiments in the gas-phase for determining the topology and
quaternary structure of protein complexes in solution.
Results and Discussion
Efficient transmission of GroEL ions in a modified Q-TOF 1 instrument
The custom-modified Q-TOF 1 instrument was designed to analyze multiple charged ions of
large protein complexes. To analyze these ions by mass spectrometry several conditions
had to be optimized. Insufficient axial cooling makes ions miss the detector, whereas
insufficient radial cooling results in poor transmission of ions through the different apertures
in the mass spectrometer. With the aim to optimize precursor and product ion transmission
we analyzed GroEL14 oligomer (801 kDa) under different conditions. We selected the 68+
GroEL14 ion (~11,800 m/z) in the quadrupole analyzer and accelerated the ions in the argonfilled collision cell with 200 V. This yielded tandem mass spectra with product ions in the m/z
range from 2,000 up to 40,000, which allowed us to optimize the Q-TOF 1 instrument in a
broad m/z range. The low m/z ions around 2,000 represented ejected monomeric GroEL
ions and the high m/z ions in the range 15,000 to 40,000 the stripped oligomers (GroEL13
and GroEL12). The in-depth analysis of the gas-phase dissociation pattern of GroEL14
oligomer is described in the next section.
First, we acquired tandem mass spectra at different source pressures (P1) between the
sample and extraction cone to by tuning the speedivalve

5-9

. The pressures at the other

stages in the mass spectrometer were kept constant. Reducing the pumping efficiency of the
rotary pump up to 10 mbar clearly led to an enhanced detection of the GroEL ions. At a
source pressure of 6.0 mbar only 0.2 ions per second were detected after TOF analysis,
whereas at a pressure of 10 mbar 3.2 ions per second were detected (Figure 2a). Thus, the
maximal achievable pressure of 10 mbar seems to be the optimal value for the transmission
of the GroEL product ions. As expected, the relative abundance of the different species did
not depend on the source pressure.
We also introduced a metal cylinder around the first half of the hexapole ion lens (length 100
mm) to increase the pressure locally (P2A). It was estimated that the initial pressure in the
sleeve is three-fold higher than in the rest of the hexapole and that the pressure in the
sleeve decreases linearly. The experimental design was theoretically tested by simulating
the ion trajectories of a GroEL14 ion (800 kDa; 68+ ion) within the modified hexapole ion
guide using a similar method as Chenushevich and Thomson

8

(Figure 3). This figure clearly

shows that in order to avoid significant GroEL14 ion losses on the different apertures a
combination of an increased pressure of 4 10-3 mbar in the hexapole vacuum chamber (P2)
and a locally increased pressure around the first part of the hexapole lens was required
(P2A).
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Besides the source and hexapole ion bridge pressure conditions also the argon cylinder
head pressure, and thus the collision cell pressure, influences the transport of the ions to the
transport hexapole and the TOF analyzer 14.

Figure 2. Gas-phase dissociation of GroEL14 complex. Tandem mass spectrometry was performed on
0.36 PM GroEL14 in 50 mM ammonium acetate pH 6.8. (a) Source pressure dependent tandem mass
spectra of the 68+ ion of GroEL14 (11,780 m/z) at an acceleration voltage of 200 V. The argon pressure
was kept constant at 2.0 bar (collision cell pressure of 1.5 10

-2

mbar). The parent ion peak of the

tetradecameric complex is almost completely dissociated into GroEL13 and monomeric GroEL ions. At
high collision energies (200 V) the produced tridecameric complex is, in turn, partly dissociated into
GroEL12 and monomeric GroEL products. These two processes take place in sequential order. The inset
shows the FWHM of the 19+ GroEL12 ion at m/z 38,142. (b) Argon gas pressure dependent tandem
mass spectra of the 68+ ion of GroEL14 at an acceleration voltage of 200 V. The source pressure was
kept constant at 10 mbar. (c) Schematic representation of gas-phase dissociation process of the
GroEL14 oligomer. GroEL monomers are sequentially ejected from the intact GroEL14 and GroEL13
complexes.
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We varied the argon head pressure in order to optimize the gas-phase dissociation of the
GroEL14 oligomer (Figure 2b). The pressures in the other stages in the instrument were kept
constant and the source pressure was set at 10 mbar. The tandem mass spectra clearly
show the influence of the argon pressure on the transmission of the high and low m/z ions to
the transport hexapole lens and the TOF analyzer (Figure 2b). At a relatively low argon
pressure of 1.5 bar (8 10-3 mbar in collision cell) only the low m/z ions were efficiently
transmitted. At this pressure the precursor 68+ GroEL14 ion (11,780 m/z) had a very low
intensity in the tandem mass spectrum. When the pressure was increased to 2.0 bar
(collision cell pressure 1.5 10-2 mbar) the precursor GroEL ion and the high m/z product ions
became more abundant in the mass spectrum. Upon further increasing the argon pressure
to 2.5 bar (2 10-2 mbar in collision cell) the abundance of the low m/z ions decreased and the
abundance of the high m/z ions increased. As the precursor ion dissociated in monomers
(low m/z values) and stripped oligomers (high m/z values) the abundance of these two
species will be identical. Thus, the low m/z product ions representing monomeric GroEL and
the high m/z ions representing stripped oligomers should have similar intensities in the
tandem mass spectra. This prerequisite was best fulfilled at an argon pressure of 2.0 bar
and, therefore, this argon pressure was used to analyze the gas-phase stability of GroEL14
chaperonins.

Figure 3. Simulated GroEL14 ion trajectories. Simulated were the 68+ GroEL14 ion trajectories in the
hexapole ion lens in the xz plane, at gas pressures of 4 10

-3

-3

mbar (solid line) and 4 10 mbar including

the metal sleeve around the first half of the hexapole lens (dashed line). The pressure is estimated to be
on average two-fold higher than in the remaining of the hexapole ion bridge. The ion has an initial
velocity of 185 m/s and is aligned 30 degrees off the optic axis.

85

Chapter 3

Gas-phase dissociation of GroEL oligomers
Molecular chaperones are essential for correct folding of a variety of different proteins. The
GroEL14-GroES7 complex from Escherichia coli is one of the best studied chaperone
machines that assists in the folding of about 10% of all newly-synthesized polypeptides

15

.

GroEL14 (800 kDa) is composed of two heptameric rings stacked back to back, each
containing a distinct large central cavity. The heptameric co-chaperonin GroES7 (73 kDa)
2+
binds, in the presence of ADP or ATP and Mg , on top of one of the GroEL14 rings and an

enclosed cavity is formed. Previous gas-phase dissociation experiments on unliganded
GroEL14,using a Q-TOF 2 instrument have demonstrated that a highly charged GroEL
subunit dissociates from the oligomer upon increasing the collision energy

14,16

. Here, we

have studied the gas-phase stability of the GroEL14 oligomer and the GroEL14-GroES7
chaperonin complex using the custom-modified Q-TOF 1 instrument. The mechanism of
gas-phase dissociation of subunits from protein complexes is a poorly understood process,
however, it is generally accepted that multi-component protein complexes dissociate via a
similar pathway, i.e. expulsion of the smallest monomeric subunit (13 and references
therein). The studies on this topic suggest that asymmetric charge distribution may depend
on internal energy, protein complex gas-phase conformation, charge state of ion and the
conformational stability of individual subunits. The asymmetric charge partitioning probably
proceeds via unfolding of the leaving protein subunit in a dissociative transition state. This
requires a large amount of energy, but is thought to be entropically favorable.
The GroEL oligomer (GroEL14) was present in 50 mM ammonium acetate pH 6.8 and the
capillary and cone voltages were typically set at 1,400 V and 150 V, respectively. First, the
generated GroEL14 ions were accelerated, without ion selection, into the argon-filled linear
hexapole collision cell and analyzed in the TOF analyzer. Upon increasing the collision
energy the mass spectrum of GroEL14 showed the loss of buffer molecules and ions from
GroEL14, which resulted in very narrow peaks allowing accurate mass determination (full
width at half maximum (FWHM) of 11,8 m/z), thus a mass error of ~800 Da was inevitable.
The determined molecular mass was 800,977 Da compared with 800,758 Da as calculated
from the primary sequence. Second, the 68+ ion of GroEL14 at an m/z value of 11,780 was
selected in the quadrupole analyzer and accelerated in the gas-filled collision cell. At
relatively low acceleration voltages (<150 V) we observed primarily some decharging of the
intact tetradecameric ions. This phenomenon is likely caused by the stripping of positively
charged buffer ions attached to the protein surface

17

. Upon increasing the acceleration

voltage to 150 V a highly charged monomeric GroEL subunit was ejected from the
tetradecameric complex (Figure 2a). When the collision energy was further increased to 190
V we observed the subsequent dissociation of a second GroEL monomer from the
tridecameric complex (GroEL13). This resulted in the formation of dodecameric GroEL
(GroEL12) product ions and GroEL monomer ions with a lower charge state as compared to
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the monomer dissociated from the tetradecamer. The GroEL12 product ions became even
more abundant at an acceleration voltage of 200 V (Figure 4a).
Although the absolute number of charges the GroEL monomers obtained in the second
dissociation event was lower, the percentage of charges that was taken up by the first and
second GroEL monomer was similar. Upon dissociation of the first GroEL monomer, which
accounts for 7% of the tetradecameric complex mass, it obtained 41% of the number of
charges, whereas upon dissociation of the second GroEL monomer, which accounts for 9%
of the tridecameric complex mass, it obtained 47% of the number of charges. As a
consequence of the monomers taking such a large number of charges the GroEL12 had an
+
average charge state of only 19 . Therefore, these ions appeared at very high m/z values

between ~28,600 (24+) and ~38,150 (18+). Even at these high values our Q-TOF 1 mass
spectrometer allowed extremely accurate mass determinations. The predicted mass of the
GroEL12 complex is 686,364 Da, whereas we determined a mass of 686,461 Da. This is an
increase of 97 Da and only 0.01% of the total mass. This mass difference lies well within the
mass error of approximately 572 Da, calculated from the FWHM of the 19+ ion of GroEL12
(Figure 2a, inset).
Gas-phase stability of GroEL-GroES chaperonin complexes
We continued our studies with the analysis of the functional GroEL14-GroES7 chaperonin
machine in 50 mM ammonium acetate pH 6.8 and excess ADP and Mg2+ ions. The
chaperonin machine consists of 21 protein subunits and has a mass of ~875 kDa. We
selected the 68+ charge state ion of the intact complex at m/z 12,800 and gradually
increased the acceleration voltage in the gas-filled collision cell. In line with solution-phase
dissociation, it may be expected that increasing the collision energy would induce
dissociation of the heptameric GroES7 from the GroEL14 oligomer. However, at a collision
energy of 100 V we observed the gas-phase dissociation of highly charged monomeric
GroES (GroES1) product ion around m/z 1,100 and the subsequent formation of GroEL14GroES6 ions around m/z 14,500 (Figure 4a). The relative abundance of these GroEL14GroES6 ions increased up to a collision energy of 130 V after which their numbers started to
decrease. This was caused by the dissociation of a second GroES monomer from GroEL14GroES6, resulting in the formation of highly charged GroES1 ions and lowly charged
GroEL14-GroES5 ions around m/z 1,100 and 16,000, respectively. Even a third highly
charged GroES monomer could be expelled from the GroEL14-GroES5 complex by
increasing the collision energy to 150 V, with the subsequent formation of GroEL14-GroES4
ions. Intriguingly, only at very high collision energies of 190-200 V we observed the
dissociation of one GroEL1 subunit from GroEL14-GroES7, resulting in the formation of
GroEL and GroEL13-GroES7 products ions around m/z 1,850 and 28,000, respectively
(Figure 4 b and c). Mass determination of the ejected GroEL monomer clearly showed that
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ADP (427 Da) was not present on these highly charged monomeric fragments (determined
mass 57,261 Da v.s. predicted mass 57,197 Da).

Figure 4. Gas-phase dissociation of GroEL14-GroES7 chaperonin. Tandem mass spectrometry was
performed on 0.5 PM GroEL14-GroES7 in 50 mM ammonium acetate pH 6.8. (a) Tandem mass spectrum
of the 68+ ion of the GroEL14-GroES7 complex at an acceleration voltage of 200 V. (b) Enlargement of
(a) the m/z region 500 to 4,000. Indicated are dissociated GroES subunits and a GroEL subunit. (c)
Enlargement of (a) in the m/z region 10,000 to 40,000. Indicated is precursor GroEL14-GroES7 ion (68+),
GroEL14-GroES6, GroEL14-GroES5, GroEL14-GroES5 and GroEL13-GroES7 ions.
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At first, the results with GroEL14 and GroEL14-GroES7 may indicate that it is more difficult to
dissociate a GroEL monomer from the complete chaperonin GroEL14-GroES7 complex than
from free GroEL as a higher collision voltage is required (190 V v.s. 150 V). However, to
draw conclusions about energy dependence of gas-phase dissociation data for different
non-covalent complexes it is not correct to use these collision voltage values directly,
instead the center-of-mass collision energy (Ec.o.m.) needs to be calculated. The center-ofmass collision energy is the maximum amount of kinetic energy that can be converted into
internal energy upon collision activation under single collision conditions

18

and may be

estimated by:
Ec.o.m. = Elab * mtarget/(mprotein + mtarget)

(Equation 3)

with Elab (zeV) (Opm. is “zeV” correct or should it be “eV”) is ion kinetic energy in the
laboratory frame of reference, mtarget is 40 Da (the mass of the argon collision partner) and
mprotein is about 875 kDa. As the dissociation process inside the collision cell of the Q-TOF is
a multiple collision event the center-of-mass calculation is not correct, nevertheless this
approach allows to some extent semi-quantitative comparisons. If we calculate the centerof-mass collision energies at which free GroEL14 and GroEL14-GroES7 start to dissociate the
first GroEL monomer, these values are very similar (0.51 and 0.54 eV, respectively). This
indicates that it is not more complicated for the GroEL14-GroES7 complex to eject one
monomer than it is for the free GroEL14 complex. On the basis of these calculations we can
conclude that the formation of the functional GroEL-GroES chaperonin from GroEL14 hardly
influences the gas-phase stability of the two heptameric rings composed of GroEL subunits.
Flavin binding mode does not influence gas-phase stability of vanillyl-alcohol oxidase
Vanillyl-alcohol oxidase is a flavoprotein containing a covalently bound FAD cofactor. The
enzyme catalyzes the oxidation of a wide range of substituted phenolic compounds

19

. A few

years ago we reported on the oligomeric state of the protein in solution and the influence of
the binding FAD cofactor on the oligomeric state

20

. Our data showed that the oligomeric

state of vanillyl-alcohol oxidase is actually an equilibrium between two states i.e. a dimeric
and octameric state whereby the equilibrium is directed far towards the octameric species
with a mass of 509 kDa. Macromolecular mass spectrometry and size-exclusion
chromatography analysis showed that the equilibrium of the apo-His61Thr mutant oxidase,
which does not contain the covalently bound FAD, is shifted towards the dimeric form

21

,

suggesting that the covalently attached FAD molecule is important to shift the equilibrium
towards the biologically active form of the enzyme. Here we report on the gas-phase stability
of the wild-type vanillyl-alcohol oxidase and the holo-His61Thr mutant using tandem mass
spectrometry.
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First, the dissociation pattern of vanillyl-alcohol oxidase in 50 mM ammonium acetate pH 6.8
was determined. As was observed before, the mass spectrum of intact vanillyl-alcohol
oxidase clearly showed the dimeric and octameric species (data not shown). Tandem mass
spectrometry on the isolated 52+ ion of the octamer clearly showed dissociation of a highly
charged monomer around m/z 2,300 with the subsequent formation of a lowly charged
heptamer around m/z 18,500 (Figure 5a). This is in sharp contrast to solution-phase in which
the octamer is in equilibrium with the dimer, gas-phase dissociation showed only ejection of
a monomeric species. As may be expected from the covalently bound flavin cofactor, all
heptamers and dissociated monomers were fully saturated with the flavin. For subunit
dissociation a minimum acceleration voltage of 150 V (0.61 eV) was required and even at
the highest collision energy significant amounts of octameric species remained present.
These results clearly showed that the vanillyl-alchol oxidase subunits form a very stable
octamer in the gas-phase.
These experiments were repeated for the FAD saturated holo-His61Thr mutant in 50 mM
ammonium acetate buffer pH 6.8. The measured mass of 509,150 Da was in good
agreement with the expected mass including eight non-covalently bound flavin molecules
(509,224 Da), strongly indicating that the enzyme was fully saturated with the flavin cofactor.
At relatively low collision energies (<100 V) tandem mass spectrometry on the isolated 52+
ion of the holo-His61Thr octamer initially showed partial loss of up to three neutral flavin
molecules. Due to the poor desolvation at low acceleration voltages, we can however not
exclude that a small part of the protein was not fully saturated with the cofactor. Surprisingly,
when the collision energy was further increased to 150 V no further dissociation of flavin
molecules was observed (Figure 5b, inset). Around a collision energy of 150 V (0.61 eV) we
observed dissociation of highly charged monomeric His61Thr ions around m/z 2,200 (Figure
5b). The determined mass of the dissociated monomer (62,805 Da) was in good agreement
with the calculated mass based on the primary sequence of His61Thr in the absence of the
flavin cofactor (62,868 Da). Thus, the dissociated monomers did not contain the noncovalently bound flavin molecule. The stripped heptameric His61Thr ions were detected
around m/z 17,000 and showed also losses of flavin molecules. Flavin molecular ions could
indeed be observed in the low m/z region (data not shown). Dissociation of an apo-His61Thr
subunit from the octameric precursor did not induce further release of flavin molecules.
Upon further increasing the collision energy from 150 to 200 V no subsequent dissociation of
a second His61Thr monomer was observed.
The tandem mass spectrometry data thus clearly showed that the gas-phase stabilities of
wild type and mutant vanillyl-alcohol oxidase are very similar. Thus, the presence of a
covalent flavin molecule bound to the enzyme does not enhance the gas-phase stability of
vanillyl-alcohol oxidase. The data also indicate that the stripped heptameric His61Thr ions
still have some tertiary and quaternary structure as the non-covalently bound flavin
molecules did not dissociate completely from the oligomer.
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Figure 5. Gas-phase dissociation of vanillyl-alcohol oxidase. Tandem mass spectrometry was
performed on 4 PM vanillyl-alcohol oxidase (VAO) and His61Thr mutant in 50 mM ammonium acetate
pH 6.8. (a) Tandem mass spectra of vanillyl-alcohol oxidase at collision cell energies ranging from 50 to
200 V after selection of the 52+ octameric ion and (b) tandem mass spectra of His61Thr mutant at
collision cell energies ranging from 50 to 200 V after selection of the 52+ octameric ion. Inset 1 shows
+

the 52 precursor ion of the His61Thr mutant at 50 and 200 V and inset 2 shows the 26+ heptamer ion
of His61Thr mutant at 175 and 200 V.
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Unusual gas-phase dissociation of dimeric species from a tetrameric protein
At first glance the functionally realated 2-Keto-3-deoxyarabinonate dehydratase and
arabinose dehydrogenase from the hyperthermophilic archaeon Sulfolobus solfataricus,
which are both involved in pentose metabolism, share a similar quartenary structure as they
both form stable tetramers of similar size (approximately 140 kDa). Very recently an X-ray
structure has been determined for both these two proteins. The X-ray model of 2-keto-3deoxyarabinonate dehydratase revealed that the protein is a donut-shaped tetramer of two
dimers in which the dimers have a restricted number of contacts and in which each
monomer is stabilized by inter-subunit contacts with two other monomers. Thus, in this
topology each monomer contacts only two other monomers (Figure 6). The crystallographic
model of arabinose dehydrogenase showed that this enzyme is also composed of two
dimers, but in here each monomer is stabilized by extensive inter-subunit interactions with
three other monomers. The structural model has indicated that the protein interacts with two
zinc atoms per monomer, which is in line with the zinc-dependency of other medium-chain
alcohol dehyrogenases.
The mass spectrum of arabinose dehydrogenase in 50 mM ammonium acetate buffer, pH
6.0 showed that the protein is present in its tetrameric form. The determined mass of
149,700 Da (including eight zinc atoms) is in close agreement with the calculated mass
based on the primary sequence (149,671 Da). Isolation of the 25+ ion of the tetrameric
protein species and subsequent acceleration by increasing the collision energy did not result
in loss of zinc atoms. At a collision energy of 160 V (0.83 eV) we observed the typical
dissociation of highly charged monomeric subunits around m/z 2,000 and the resulting
trimeric species around m/z 14,000 (Figure 6a). Further increasing the collision energy to
200 V did not result in the subsequent dissociation of a second monomer, but showed some
gas-phase fragmentation of the protein by the elimination of short terminal peptide
sequences.
The mass spectrum of 2-keto-3-deoxyarabinonate dehydratase measured in 50 mM
ammonium acetate buffer pH 6.0 showed that the protein exists as a tetramer with a
determined mass of 132,850 Da. This mass was about 250 Da higher than the predicted
mass on the basis of the primary amino acid sequence (132,572 Da), which is likely be
explained by the presence of buffer and molecules within the cavity of protein oligomer. For
the gas-phase stability experiments we isolated the 27+ ion of the tetramer and increased
the collision energy. Surprisingly, the tetrameric precursor ion started to dissociate already
at a collision energy of 50 V (0.20 eV) and the dissociation involved the formation of dimeric
ions with the ions 13+ and 14+ being the most abundant ions (Figure 6b). We were intrigued
by this result as we expected, in line with the other data in this paper and literature

22,23

, the

dissociation of a highly charged monomer from the tetramer. To our best knowledge this is
the first observation that gas-phase dissociation of an intact protein oligomer does not result
in the preferred formation of a highly charged monomer subunit.
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Figure 6. Gas-phase dissociation of arabinose dehydrogenase and 2-keto-3-deoxyarabinonate
dehydratase. Tandem mass spectrometry was performed on 8 PM of both enzymes in 50 mM
ammonium acetate pH 6.0. (a) Tandem mass spectra of arabinose dehydrogenase at acceleration
voltages ranging from 50 to 200 V after selection of the 25+ ion of the tetrameric species. (b) Tandem
mass spectra of 2-keto-3-deoxyarabinonate dehydratase at acceleration voltages ranging from 10 to
100 V after selection of the 27+ ion of the tetrameric species. At high collision energies some covalent
fragmentation reactions took place. The stars indicate the fragments.

Potentially, somewhat related, gas-phase dissociation of a peptide dimer has been reported
for the gas-phase dissociation of leucine enkephalin clusters

24

. The 2+ ion of leucine

enkephalin nonamer dissociated mainly into singly charged dimeric and pentameric species.
This phenomenon was explained by the exceptionally high gas-phase stability of these
peptide dimers

25

. Due to the complexity we simulated the tandem mass spectrum of 2-keto93
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3-deoxyarabinonate dehydratase using the in-house developed software program SOMMS
26

. This program uses Gaussian curve fitting to simulate putative mass spectra of protein

(sub)-complexes within a specified charge state window. In addition, the program can
simulate spectra for heterogeneous protein complexes using bi- and multinomal distributions
and it can calculate zero-charge spectra and quantify the abundance of each component in
a mixture. These simulations predicted that the ejected dimer obtained on average 15+
charges from the total of 27+ charges of the precursor tetramer. Thus, the number of
charges were nearly equally divided over the two dimeric species. Upon increasing the
acceleration voltage further (>85 V; 0.62 eV) highly charged monomeric ions around m/z
2,000 started to dissociate from the remaining precursor tetrameric protein ions. At a
collision cell energy of 100 V about 98% of the total intensity of the fragmented ions
originated from the dimeric ions, whereas only about 2% originated from monomeric or
trimeric ions (Figure 7). These results clearly showed that the isolated donut-shaped
tetrameric protein ions preferentially dissociate into dimeric species.
The unusual dissociation pattern of 2-keto-3-deoxyarabinonate dehydratase gives rise to
further discussion as to what kind of information can be obtained from gas-phase
dissociation experiments of protein complexes. The many studies on this topic suggest that
gas-phase dissociation is a process that is not directly related to solution-phase structure.
Still, it has been shown that gas-phase dissociation experiments may still reflect to some
extent quaternary structure characteristics of biomolecules

11,16,22,27-34

. For instance, gas-

phase dissociation experiments of GroEL chaperones in complex with unfolded polypeptide
substrate molecules only showed dissociation of GroEL subunits, whereas the substrate
molecules had a lower molecular mass and were partly in the unfolded state

16

. These

results are in line with observations that substrate molecules bind to GroEL in a solvent
protected cavity, thereby possible also preventing the substrate from being eliminated in the
gas-phase dissociation. Furthermore, it has been shown that the 11-membered ring
topology of the Tryptophan RNA binding protein could also be maintained within a mass
spectrometer, and that the binding of a tryptophan molecule enhanced the complex stability
35

. Moreover, for double stranded DNA it has been suggested that the Watson-Crick base-

pairing is preserved in the gas-phase, although the helical structure is essentially lost

34

.

Blackbody infrared radiative dissociation experiments showed that complementary DNA
duplexes have an increased gas-phase stability compared to non-complementary duplexes,
that loss of adenine occurred only for non-complementary duplexes and that a correlation
exists between the activation energy for dissociation of the duplex and the dimerization
enthalpy in solution.
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Figure 7. Breakdown graphs of arabinose dehydrogenase and 2-keto-3-deoxyarabinonate dehydratase
tetramer ions. (a) Dissociation pattern of arabinose dehydrogenase and (b) dissociation pattern of 2keto-3-deoxyarabinonate dehydratase. Tandem mass spectrometry was performed on 27+ and 25+
ions of 2-keto-3-deoxyarabinonate dehydratase and arabinose dehydrogenase, respectively. Black
circles indicate tetramer, open circles indicate trimer, black squares indicate dimer and open squares
indicate monomer. At the bottom the dominant pathways observed in the gas-phase dissociation of
these two protein tetramers are summarized.

When we compared the quaternary structures of arabinose dehydrogenase and 2-keto-3deoxyarabinonate dehydratase, as measured by X-ray crystallography, we found the main
differences in the number of subunits contacting the other subunit in the tetramer. Whereas
each arabinose dehydrogenase subunit interacts with three subunits each 2-keto-3deoxyarabinonate dehydratase subunit interacts with only two subunits. The monomeric
masses of the two proteins are very similar and the two protein complexes obtain a very
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similar number of charges during the electrospray process (average number of charges are
25+ and 27+, respectively). We speculate that there is a relationship between the different
topologies of the two tetramers and their gas-phase dissociation behavior. Apparently, the
donut-shaped structure of 2-keto-3-deoxyarabinonate dehydratase is relatively unstable in
the gas-phase and requires less energy to dissociate into two dimers than into an unfolded
monomeric and a trimeric species.
Conclusions
In this paper we report on the low-cost modification and optimization of a first generation QTOF 1, whereby we enhance the instruments’ capabilities to perform gas-phase dissociation
experiments of macromolecular systems, such as large proteins and protein complexes. The
modifications in the first hexapole ion guide, ion-selecting quadrupole, collision cell and TOF
analyzer yielded a tandem mass spectrometer that offers excellent possibilities to study
protein stoichiometries and gas-phase stabilities of large macromolecular complexes (Figure
1). The combination of an increased pressure in the ionization chamber and the locally
increased pressure in the first stage of the hexapole ion bridge allowed the efficient cooling
of large protein ions. We demonstrated experimentally that the low-frequency quadrupole
allows ion isolation of ions up to m/z 12,800 (theoretically 30,000) and that the decreased
repetition rate of the TOF analyzer allows analysis of ions up to m/z 38,150 (theoretically
m/z 58,000). The modifications can be applied on every Q-TOF instrument and extend the
possibilities of the instrument for macromolecular mass spectrometry significantly. In our
opinion the modified Q-TOF 1 is of interest to everyone working in the field of
macromolecular mass spectrometry and more generic structural biology. The obtained
results of the different protein complexes indicate the potential and limitations of gas-phase
dissociation experiments to probe complex topologies and quaternary structures. In
particular, our data generated on 2-keto-3-deoxyarabinonate dehydratase presents a so far
unprecedented new mechanism in the dissociation of protein oligomers in the gas-phase
and adds to the current debate whether gas-phase structures of protein complexes
resemble those present in solution. We realize that our study forms only a starting point to
answer this question. Therefore, in future studies it will be essential to systematically study
the dissociation pathways of different protein oligomers in order to probe the general
applicability of the presented technique to study topologies.
Materials and Methods
Chemicals and preparation of proteins
The GroEL chaperonin was overexpressed in Escherichia coli and purified according to a
previously established procedure slightly modified by the introduction of an acetone
precipitation step

36,37

. The GroES co-chaperonin and vanillyl-alcohol oxidase wild type and

His61Thr mutant were each overexpressed in E. coli and purified as reported
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vanillyl-alcohol oxidase His61Thr mutant was saturated with flavin adenine dinucleotide
cofactor and excess of cofactor was removed by elution over a Superdex 200 10/300 GL
column (GE Healthcare). Arabinose dehydrogenase and 2-keto-3-deoxyarabinonate
dehydratase were produced in E. coli and purified by a heat incubation to denature E. coli
proteins, followed by a single affinity chromatography purification step for the arabinose
dehydrogenase

and

two

ion-exchange

chromatography

steps

for

the

2-keto-3-

deoxyarabinonate dehydratase. Cesium iodide and ammonium acetate were purchased
from Sigma. The non-volatile buffers in which the proteins were purified were exchanged to
aqueous 50 mM ammonium acetate, pH 6.0 or 6.8 using ultra-filtration units (Millipore,
Bedford, UK) with a cut-off of 5,000 Da. Final concentrations of the proteins on the basis of
their monomeric masses were 5 PM for GroEL, 4 PM for vanillyl-acohol oxidase and 8 PM for
arabinose dehydrogenase and 2-keto-3-deoxyarabinonate dehydratase. For complex
formation of GroEL and GroES the two proteins were mixed each at a concentration of 8
PM, in the presence of 320 PM ADP and 320 PM magnesium acetate. An incubation time of
5 min at room temperature was used to allow complex formation.
Mass spectrometry
All the mass spectrometry measurements were performed in positive ion mode. Proteins
and protein complexes were introduced into the mass spectrometer by using gold-coated
needles in the absence of any backpressure. The needles were made from borosilicate
glass capillaries (Kwik-Fil, World Precision Instruments, Sarasota, FL) on a P-97 puller
(Sutter Instruments, Novato, CA) and coated with a thin gold layer by using an Edwards
Scancoat (Edwards Laboratories, Milpitas, CA) six Pirani 501 sputter coater. The instrument
that was modified was a first generation Q-TOF 1 instrument (Micromass, Manchester, UK)
equipped with a Z-spray source. All modifications are schematically presented in Figure 1
and explained and discussed in this section.
Electrospray ions were produced at atmospheric pressure after which the partly solvated
ions were introduced into the first vacuum stage (P1) of the mass spectrometer through a
sample cone with an orifice of 400 Pm. The pressure in P1 was increased by reducing the
pumping efficiency of the rotary pump to 10 mbar (unless stated otherwise in the text). The
molecular beam of charged ions that evolves behind the sample cone was then extracted
orthogonally through an extractor cone with an orifice of 1 mm into the second pumping
stage (P2; 4 10-3 mbar). The cone voltage used was dependent on the type of protein
complex and varied between 75 and 150 V. The ions that entered the second pumping
stage (P2) were focused by a hexapole ion guide. Around the first part of the hexapole a
flow-restricting sleeve in the form of a metal tube (25 mm id, 100 mm long) was installed to
increase the pressure locally (P2A; estimated average pressure 8 10-3 mbar). In a slightly
different form this modification has been reported by Chernushevich and Thomson 8. The
third vacuum chamber (P3; 6.7 10-4 mbar) contains a quadrupole, a separate collision cell
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and a transport hexapole lens. The standard RF generator in the Q-TOF was replaced by a
generator with a frequency of operation of 300 kHz. This sets the theoretical accessible
transmission limit for a selected ion to 30,000 m/z according to equation 2. When acquiring
TOF mass spectra the quadrupole operates in RF-only mode as a broad-band mass filter.
However, in the tandem mass spectrometry mode the quadrupole transmits only ions in a
narrow m/z window around a set m/z, thus operating as a narrow-band mass filter. Ions are
then transferred to the hexapole collision cell, which was modified such that the argon gas
pressure can be increased. To measure protein complexes we used a cylinder head
pressure of 2.0 bar (unless stated otherwise in the text) admitted to the collision cell via a
needle leak valve with a 100 Pm capillary with a length of 1.25 m leading to a pressure of 1.5
10-2 mbar in the collision cell (P4). If the gas pressure is too low ions may be transferred to
the TOF analyzer without dissociation. The entrance and exit orifices of the collision cell are
both 2 mm. After activation in the collision cell the ions are transferred to the TOF vacuum
chamber (P5; 2 10-6 mbar). A multi-component ion lens focuses the ions and two of the
meshes were changed from 1,000 to 200 lines/inch for a three-fold enhancement of the
sensitivity. When the ions arrive in the pusher region they were pulsed orthogonally for TOF
analysis. The TOF repetition rate was decreased to 410 Ps in order to increase the
maximum attainable m/z, which theoretically could be 58,000.
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Abstract
It has been suggested that the bacterial GroEL chaperonin accommodates only one
substrate at any given time, due to conformational changes to both the cis- and trans-ring
that are induced upon substrate binding. Using electrospray ionization mass spectrometry
we show that indeed GroEL binds only one molecule of the model substrate Rubisco. In
contrast, the capsid protein of bacteriophage T4, a natural GroEL substrate, can occupy
both rings simultaneously. As these substrates are of similar size, the data indicate that
each substrate induces distinct conformational changes in the GroEL chaperonin. The
distinctive binding behavior of Rubisco and the capsid protein was further investigated using
tandem mass spectrometry on the intact 800-914 kDa GroEL-substrate complexes. Our data
suggest that even in the gas phase the substrates remain bound inside the GroEL cavity.
The analysis revealed further that binding of Rubisco to the GroEL oligomer stabilizes the
chaperonin complex significantly, whereas binding of one capsid protein did not have the
same effect. However, addition of a second capsid protein molecule to GroEL resulted in a
similar stabilizing effect to that obtained after the binding of a single Rubisco. Based on the
stoichiometry of the GroEL chaperonin–substrate complex and the dissociation behavior of
the two different substrates, we hypothesize that the binding of a single capsid polypeptide
does not induce significant conformational changes in the GroEL trans-ring and hence the
unoccupied GroEL ring remains accessible for a second capsid molecule.
Introduction
Molecular chaperones are required for the correct folding of a variety of different proteins. In
Escherichia coli several chaperone proteins exist but only the GroEL-GroES chaperonin
complex is essential for viability under all growth conditions. This well-studied chaperonin
complex assists in the folding of approximately 10% of all the newly synthesized
polypeptides. However, for only 3.5% of the proteins the GroEL-GroES chaperonin complex
is absolutely required

1,2

. The large GroEL chaperonin (800 kDa) consists of two heptameric

rings stacked back to back, each containing a distinct large central cavity. These two
cavities are structurally identical in unliganded GroEL, as shown in Figure 1a

3,4

. Each

GroEL subunit consists of three domains, the equatorial domain where nucleotide binding
occurs, the apical domain involved in polypeptide and/or GroES binding, and a flexible
intermediate domain that connects the two 5. When the heptameric co-chaperonin GroES
binds to the GroEL oligomer, in the presence of ADP or ATP and Mg2+ ions, an enclosed
cavity is formed: the so-called “Anfinsen cage” (Figure 1b).
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Figure 1. Crystallographic models of (a) the overall structure of GroEL and (b) the GroEL-GroES
chaperonin system from Escherichia coli. Used PDB accession codes: 1AON and 1J4Z.

It is in this folding cavity (cis-ring) that the polypeptide is well protected against aggregation
or degradation that may occur in the crowded cellular environment

6-8

. The folding cycle

starts when the substrate polypeptide binds to the hydrophobic residues of the apical
domains of the GroEL ring (cis-ring). Some of these hydrophobic residues also interact with
specific amino acids in the mobile loops of the GroES heptamer 4,9. As a consequence of the
cooperative binding of ATP and subsequently GroES to the cis-ring, the bound substrate is
displaced further into the enlarged folding cavity. Inside the GroES-capped folding chamber
the polypeptide continues to fold for about 10 seconds; this is the time that it takes for ATP
to be hydrolyzed in the cis-ring

10

. Binding of substrate and ATP to the unoccupied (trans)

ring, induces the release of GroES, ADP and the substrate from the cis-ring. In the event
that the polypeptide has not completely folded it can rebind to a chaperonin complex to
undergo subsequent cycles of assisted folding 11-13.
The mechanism of substrate recognition and binding to the GroEL-GroES chaperonin
machine has been studied for a number of polypeptides
to identify natural substrates

2,18,19

14-17

. In addition to studies designed

, and to assign the hydrophobic amino acids in the apical

domains of the GroEL subunits that are involved in polypeptide binding 4, a number of
investigations have been conducted to gain insight into the structure of the GroEL-substrate
complexes
hampered

20-22

. However, the dynamic nature and the size of these complexes have so-far

high-resolution

structural

analysis

by

X-ray

crystallography

and

NMR

spectroscopy. The recently reported analyses of the GroEL-GroES and a GroEL-substrate
complex using NMR spectroscopy, reveals that it is technically possible to study structures
and interactions of such large macromolecular complexes by NMR

23,24

, which will
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undoubtedly further stimulate the investigation of GroEL-substrate complexes. Other lower
resolution structural techniques such as small-angle neutron scattering and cryo-electron
microscopy have provided some insight into where substrate polypeptides are localized
27

22,25-

. From these studies it appears that the GroEL chaperonin binds one substrate molecule at

the time. Furthermore, it has been observed that this binding event induces significant
conformational changes in the chaperonin. Specifically, the apical domains move inwards
resulting in protrusion of the substrate from the cavity of the cis-ring, while the opening of the
unoccupied trans-ring becomes narrower. As a consequence the trans-ring becomes
effectively inhibited from binding a second polypeptide substrate

22,26,28

, a phenomenon

known as negative cooperativity between the rings. Although, these observations apply for
the general case, the precise interaction between the substrate and unliganded GroEL is to
some extent substrate specific

17,29

. Farr et al.

17

, showed, using mutated GroEL subunits

that stringent substrates (substrate proteins that totally dependent on the chaperonin
complex to reach their native conformation) like Rubisco bind to several apical domains of at
least three different GroEL subunits, whereas a less stringent substrate such as rhodanese
interacts with fewer subunits in the ring. Recently, we have demonstrated that electrospray
ionization (ESI) mass spectrometry is an excellent method to monitor different
macromolecular complexes involved in chaperonin-assisted folding of the major capsid
protein of bacteriophage T4

30

. The bacteriophage T4 uses the E. coli host GroEL

chaperonin for the folding of its major capsid protein, gp23. During infection the host cochaperonin GroES is replaced by the bacteriophage-encoded co-chaperonin gp31. In
contrast to many of the model substrate proteins that have been studied so far, the capsid
protein of the bacteriophage is a natural in vivo substrate of the GroEL chaperonin machine.
We have observed previously that unliganded GroEL can bind up to two capsid protein
molecules

30

, which seems to be in contrast to the afore mentioned substrate induced

negative cooperativity between the two heptameric rings of the GroEL chaperonin 31,32.
To further investigate and compare the binding properties of the unliganded GroEL
chaperonin, we have analyzed two size-comparable substrate proteins, Ribulose-1,5bisphosphate carboxylase/oxygenase (Rubisco, 54 kDa, dimeric under native conditions)
and the bacteriophage T4 capsid protein (gp23, 56 kDa, hexameric under native conditions)
by ESI mass spectrometry. In addition we have used tandem mass spectrometry, which is a
relatively new methodology in the field of structural biology. It has been demonstrated that
this technique in particular may be used to generate information about the stoichiometry,
structure and stability of macromolecular protein complexes

33-35

, such as the composition of

the stalk proteins of ribosomes and the stoichiometry of the heterogeneous tryptophan RNAbinding attenuation protein complex. Here we apply ESI-mass spectrometry and tandem
mass spectrometry to investigate the intact 800-914 kDa GroEL-substrate complexes.
Based on our results, we propose a model to explain the aberrant binding behavior of the
bacteriophage T4 capsid protein.
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Results and Discussion
Distinct interactions of gp23 and Rubisco substrates with unliganded GroEL
As in most GroEL-substrate interaction studies, we started the experiments by unfolding the
substrate protein in urea. Subsequent addition of the unfolded gp23 substrate to a GroEL
containing buffer resulted in the formation of the GroEL-substrate complex. In line with what
we observed previously, the addition of unfolded gp23 to GroEL in a 3:1 ratio resulted in an
ESI mass spectrum that showed three different complexes

30

. In addition to ions originating

from unliganded GroEL and GroEL with one gp23 substrate bound, GroEL complexes to
which two gp23 substrates were bound were also observed (Figure 2a). Charge state
distributions of these three species can be clearly distinguished in the mass spectrum, as a
result of the high resolution we obtained. All the ion peaks in our spectrum could be
identified to a single species. Due to the small peak width we attained, some of the different
charge states only slightly overlapped, and we could very accurately determine the masses
of the different complexes. Free GroEL is observed distributed around the 68+ charge state.
GroEL in complex with one gp23 molecule was centered around a charge state of 70+, and
the charge state for the GroEL chaperonin in complex with two gp23 molecules was
centered around a charge state of 73+. Deconvolution of this composite, but well-resolved
mass spectrum (Figure 2c), indicated that the ratio of GroEL:GroEL-gp23:GroEL-(gp23) 2
was approximately 0.7:1:1. These data demonstrate that ESI mass spectrometry is a
powerful method to obtain information about the stoichiometry of the different chaperoninsubstrate complexes present in a complex mixture, a definite advantage over many
conventional techniques. For example, analysis of the GroEL-gp23 binding stoichiometry by
gel

filtration

chromatography

GroEL:substrate

complexes)

(which

does

revealed

an

not

distinguish

average

binding

between

the

stoichiometry

different
of

1:1

GroEL:GroEL-gp23, without a hint of an irregular binding behavior of gp23 to GroEL (data
not shown). Interestingly, when the deconvoluted mass spectrum (Figure 2c) is inspected an
average binding stoichiometry of 1:1 can be deduced, similar to what has been reported
previously

30

. If we assume that the ionization efficiencies of all the chaperonin species are

similar, figure 2a provides a semi-quantitative reflection of the abundance of the different
species present in solution. It is striking that we observe two gp23 substrate molecules
bound to the GroEL complex, and at the same time there is also free GroEL present. This
indicates directly that the affinity for the second substrate is in the same order of magnitude
as the binding affinity for the first substrate.
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Figure 2. ESI mass spectra of GroEL-substrate complexes. Nano-ESI mass spectrum of GroEL in
complex with (a) gp23 and (b) Rubisco mixed in a 1:3 molar ratio. The three different charge state
distributions present in the GroEL-gp23 spectrum indicate the presence of free GroEL (circle), GroEL in
complex with one gp23 (square), and GroEL in complex with two gp23 molecules (triangle). The GroELRubisco spectrum shows one clear charge state distribution, representing the GroEL chaperonin in
complex with one Rubisco molecule (square). (c,d) The deconvoluted mass spectra clearly show the
differences in stoichiometry of the GroEL-substrate complexes.
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To investigate whether the binding behavior of the gp23 substrate is indeed unique,
experiments using a well-studied GroEL model substrate Rubisco, with a molecular mass
similar to that of gp23, were performed. Under identical conditions (GroEL:substrate
concentrations of 1:3) only one Rubisco substrate molecule was bound to the GroEL
chaperonin oligomer (Figure 2b), in agreement with the currently accepted view

28

. Note that

the satellite peaks to the left of the main GroEL-Rubisco complex peak corresponds to a
degradation product of Rubisco, which lacks several terminal amino acids, and is
approximately 1 kDa lower is mass. This degradation product does not influence the results
since only ions originating from GroEL with one Rubisco substrate bound are present.
Deconvolution of this mass spectrum (Figure 2d) revealed that the ratios of GroEL:GroELRubisco:GroEL-(Rubisco)2 were approximately 0.1:0.9:0.0.
When the GroEL-Rubisco stoichiometry was analyzed by gel-filtration chromatography an
average GroEL:Rubisco binding of 1:1 was observed (data not shown), which is in
agreement with the deconvoluted mass spectrum in figure 2d. If we again assume that the
mass spectrum represents a semi-quantitative reflection of the relative abundances of the
different species present in solution, it would indicate that whereas the GroEL chaperonin
exhibits no affinity for the second Rubisco substrate molecule, the binding constant for the
first Rubisco substrate seems to be much higher than that of the first gp23 substrate, since
with a GroEL:substrate ratio of 1:3 hardly any unliganded GroEL was observed.
The binding of Rubisco and gp23 to the GroEL chaperonin was further analyzed by
measuring the concentration dependence of the chaperonin-substrate stoichiometries by
ESI mass spectrometry. The resulting spectra were deconvoluted and the integrated peak
areas were taken as a reflection of the relative abundance of the different protein
complexes. The results are summarized in Figure 3 a and b, and show that at equimolar
GroEL:Rubisco the majority of the Rubisco is bound to GroEL. At increased substrate
concentrations all GroEL is in complex with Rubisco with a stoichiometry of 1:1. In contrast,
at equimolar GroEL:gp23, less than 30% of the GroEL chaperonin is in complex with gp23.
At the highest measured GroEL:gp23 ratio (1:5) the major species is clearly the doubly
occupied GroEL chaperonin, although there is still unliganded GroEL present. It was not
possible to further increase the relative substrate concentration, as this resulted in urea
concentrations in the protein mixture that destabilized GroEL.
To our knowledge the 20 kDa dihydrofolate reductase (DHFR) is the only other GroEL
substrate for which double occupancy has been suggested

25,36

. One might argue that the

structural changes that occur upon binding of DHFR may influence the conformation of the
trans-ring, similar to that observed for other substrates but that the opening in the trans-ring
remains large enough for the small DHFR molecule to enter and bind to the hydrophobic
apical domain binding sites. However, given the large mass difference between DHFR (20
kDa) and the capsid protein gp23 (56 kDa), it is unlikely that this argument could account for
the double occupancy observed for the latter. We therefore hypothesize that gp23 has a
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significantly different effect on the conformation of the cis- and trans-rings of the
tetradecameric GroEL, than the well-studied Rubisco substrate. It is generally accepted that
considerable narrowing of the opening of the trans-ring occurs upon substrate binding,
thereby effectively inhibiting the entrance of a second substrate

22

. Our data suggest that

such a process may indeed occur when Rubisco is used as the substrate, however, it seems
that gp23 does not induce similar conformational changes. As a result the GroEL-gp23
trans-ring still may have the “larger” opening, allowing the entrance and binding of a second
polypeptide substrate.
That the effect on the GroEL chaperonin complex is substrate-dependent can also be
demonstrated using protease digestion experiments. It has been shown previously that
limited proteolysis can be used to determine the presence of asymmetric GroEL-GroESADP complexes. Proteinase K treatment of such complexes results in the removal of 16
amino acids from the C-terminus of each of the GroEL subunits in the trans-ring

37-39

. We

applied the same approach on the different GroEL-substrate complexes. When unfolded
gp23 or Rubisco was bound to GroEL they were both susceptible to degradation by
proteinase K. However, binding of gp23 to GroEL afforded some limited protection of the
GroEL subunits against proteolysis while Rubisco binding did not have this effect (Figure
3c). Consequently, the difference in protection is most likely due to the differences in binding
stoichiometry. Binding of gp23 to GroEL, at a 1:3 ratio, resulted in three different complexes,
out of which approximately 40% of the GroEL population was loaded with two gp23
molecules. Since both rings in this complex are occupied by substrate, the protease is
prevented access to the C-terminus of the subunits and GroEL is therefore protected from
proteolysis. In contrast, Rubisco binds exclusively to GroEL in a 1:1 ratio; consequently, one
of the heptameric rings always remains unoccupied and therefore unprotected from Cterminal cleavage.
It is intriguing to speculate about the possible biological significance of the observed
substrate dependent conformational changes in GroEL. However we have to keep in mind
that our experiments are all in vitro and that inside the cell GroEL is unlikely to be present
without GroES and/or substrate bound. The remarkable ability of the GroEL chaperonin
complex to recognize a diverse range of small and large substrate proteins is under
continuous investigation 1. It is thus not very likely that a very small substrate (i.e DHFR)
would interact identically with GroEL as a large substrate (Rubisco), as the latter is likely to
have a larger interaction surface which may result in binding to more subunits in the
heptameric ring. We note that gp23 is a natural substrate of GroEL, whereas Rubisco is not,
making it plausible that the two-substrate binding model we observe here, is possibly correct
for natural substrates of GroEL, something we will pursue to study in the near future. In
addition, the observation that binding of the gp23 capsid protein induces unique
conformational changes in GroEL might be one of the reasons why the folding of this protein
requires the unique phage-encoded co-chaperonin gp31
110
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Figure 3. Relative abundance of the
GroEL-substrate complexes in the ESI
mass

spectra

at

varying

GroEL:substrate ratios. (a) At a 1:1
GroEL:Rubisco ratio the majority of
GroEL has one Rubisco molecule
bound. At ratios of 1:3 and 1:5, GroEL
is

in

complex

molecule

with

one

Rubisco

90

and

100%,

for

respectively. (b) Only 30% of the
GroEL oligomer is in complex with one
gp23 molecule at a GroEL:gp23 ratio
of 1:1. At a GroEL:gp23 ratio of 1:3,
40% of the GroEL is in complex with
one gp23 molecule, 40% of the GroEL
complexes originates from GroEL in
complex with two gp23 molecules,
while only 20% of the GroEL remains
unliganded. At the highest GroEL:gp23
ratio (1:5) the major species (60%) is
the

doubly

chaperone,

occupied

30%

of

GroEL

the

GroEL

complexes have one gp23 molecule
bound, and still 10% of the GroEL is
unliganded.

(c)

gp23

or

Rubisco

binding results in different effects on
GroEL protection against degradation
by proteinase K (compare to 1:3 ratios
in the bar diagrams shown in figure a
and b). Whereas gp23 confers some
protection
proteolysis,

of

the

GroEL

Rubisco

against

does

not

(compare lanes 2 and 4).
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Tandem mass spectrometry on the intact GroEL-substrate complexes
To further investigate the effect of substrate binding on GroEL, intact GroEL-substrate
complexes were analyzed by tandem mass spectrometry. First the dissociation pathway of
unliganded GroEL was studied, following a similar approach to that described by Sobott and
Robinson

41

. During collision-induced-dissociation (CID) the gas-phase ions of the 800 kDa

GroEL complex were accelerated in the collision cell, which was filled with argon gas, using
voltages up to 200 V (Figure 4a).

Figure 4. Tandem mass spectra of tetradecameric GroEL at (a) low, (b) intermediate and (c) high
collision energies. At the intermediate collision energy the charge increases and reduction is indicated
by arrows. At a high collision energy tetradecameric GroEL is completely dissociated into tridecameric
and monomeric GroEL.

When ions of the 71+ charge state of GroEL (Figure 4a) at an m/z value of 11290 were
isolated the accelerating voltage led to an ion kinetic energy of 14.2 keV. This value may
seem excessive, however, one has to keep in mind that the collision energy in the centre-ofmass frame is reduced to less than 0.01% of the laboratory-frame energy (due to the high
mass of the GroEL and the relative low mass of the collision partner), which effectively
means that less than 1 eV per collision event will be converted into internal energy for the
GroEL ions. This small amount of energy transfer demonstrates that numerous collisions are
essential for fragmentation of the protein ions. This number of collisions that the protein ions
encounter in the collision cell can be estimated, using the dimensions of the ions, the length
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of the collision cell and the argon pressure in the collision cell. This tells us that our
chaperonin ions experience more than thousands of collisions during their flight through the
collision cell

41

. And only the energy that is converted from translational energy into internal

energy during gas-phase collisions will lead to CID, which is why achieving significant
fragmentation of some large macromolecular complexes can be problematic.
At intermediate collision voltages (100-150 V laboratory frame) no fragmentation of GroEL
was observed, but ions of both lower and higher charge states of the intact tetradecamer
appeared (Figure 4b). Lower charge states may originate from stripping of protons or small
positively charged buffer ions adducted to the protein surface. Conversely, charge states
higher than that of the precursor ion likely result from the loss of small negatively charged
ions

41

. At the highest attainable collision voltage (200 V), tetradecameric GroEL dissociated

completely into tridecameric and monomeric GroEL particles (Figure 4c), in full agreement
with data previously reported

41

. Our data shows a highly asymmetric charge distribution,

whereby the monomeric collision product retains 30 charges (on average), and the
tridecameric species no more than 41 charges. This asymmetric partitioning of charge is a
common feature during gas-phase dissociation of large non-covalent complexes 42,43.
The CID behaviors of the GroEL-substrate complexes were compared to those of
unliganded GroEL, and any change in dissociation behavior assumed to be a result of
substrate binding. At intermediate voltages the GroEL-Rubisco (1:1) complex behaved much
like unliganded GroEL i.e. displaying both lower and higher charge states of the precursor
ions (Figure 5a). However, at a collision energy of 200 V this chaperonin-substrate complex
showed a clear difference in dissociation behavior compared to unliganded GroEL. Whereas
free GroEL was completely dissociated into monomers at this collision potential, the GroELRubisco complex remained largely intact. Even though small amounts of dissociation
products were observed the precursor ion peak clearly remained the major species present
(Figure 5b). It should be noted that the differences were unlikely due to the slightly different
masses of the GroEL and GroEL-Rubisco complexes since the difference in the centre-ofmass collision energies of these species is negligible. We therefore conclude that, even in
the gas phase, the binding of Rubisco has a stabilizing effect on the chaperonin complex.
Interestingly, the fragmentation products were free GroEL monomeric ions, concomitant with
ions that originated from intact complexes of Rubisco and tridecameric GroEL. It therefore
appears that upon binding of Rubisco to GroEL, the occupied (cis) ring gains stability,
presumably through direct interactions with the substrate. Since substrate binding to GroEL
induces conformational changes in the unoccupied (trans) ring, it is very well possible that
the more compact trans-ring has also gained some stability. Consequently, the whole
GroEL-Rubisco complex is less prone to dissociate even under the most extreme conditions
used during tandem mass-spectrometric analysis in the gas phase.
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Figure 5. Tandem mass spectra of GroEL-substrate complexes. (a) Tandem mass spectrum of the 1:1 GroEL-Rubisco
complex, showing only products ions that are generated via charge increase and reduction of the precursor GroEL ions
obtained at intermediate collision energies and (b) at the highest attainable collision energy (i.e. 200 V). (c)
Dissociation of the 1:1 GroEL-lysozyme complex at the highest attainable collision energy (200 V), showing the
exclusive formation of monomeric GroEL subunits and complexes of tridecameric GroEL with the lysozyme substrate.
(d) Tandem mass spectrum of GroEL in complex with a single gp23 substrate at the highest collision energy. The only
product ions are monomeric GroEL and tridecameric GroEL in complex with gp23, indicating no increased stability
relative to unliganded GroEL. (e) Tandem mass spectrum of GroEL in complex with two gp23 substrates at the highest
collision energy. GroEL in complex with two gp23 substrate molecules shows nearly no dissociation, indicating a major
increase in gas-phase stability of the chaperonin complex upon the binding of two gp23 substrate molecules.
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The dissociation behavior of multi-protein complexes is not fully understood but has been
studied extensively. From all these studies it has become clear that there is a strong
tendency of multi subunit complexes to decompose via a similar pathway, i.e. first the
smallest subunit dissociates taking away a major part of the charges

41,44

. Therefore, our

observation of GroEL (57 kDa monomer) dissociation from the GroEL-Rubisco complex
suggests that Rubisco (54 kDa) is still in the folding cavity. Consequently, it seems to be
energetically favorable to dissociate a surface-exposed GroEL subunit, rather than the
internally protected Rubisco substrate. Our data thus implies that the solution-phase
structure of the chaperonin complex is to some degree preserved in the gas phase.
Since the mass difference between the unfolded Rubisco subunit and one monomer of
GroEL is very small we further investigated the dissociation behavior of the chaperonin, a
1:1 complex of GroEL and lysozyme. This is another well-studied, and rather small (14 kDa),
GroEL model substrate. As can be seen from the spectrum shown in Figure 5c the
dissociation product of GroEL-lysozyme, at a high collision energy, was monomeric GroEL
(57 kDa) and tridecameric GroEL in complex with lysozyme. Dissociation of lysozyme (14
kDa) from the chaperonin-substrate complex was not observed, thereby supporting our
previous hypothesis that the substrate is still bound inside the folding cavity formed by the
GroEL subunits in the gas-phase.
Next, the GroEL chaperonin with one gp23 substrate molecule bound was analyzed by
tandem mass spectrometry. We carefully selected the charge states of the ions, and they
showed minimal overlap with ions of other chaperonin-gp23 stoichiometries. Although
different charge states were used as precursor ion (Figure 4 and 5) the dissociation patterns
were not significantly different (in the range of 69-72 charges). No dissociation of the
precursor ion peak was observed for the 1:1 GroEL-gp23 complex at intermediate collision
voltages (data not shown), a behavior similar to the 1:1 GroEL-Rubisco complex. However,
at the highest collision voltage the 1:1 GroEL-gp23 complex gave rise to a very different
pattern. Again, product ions corresponding to monomeric GroEL and tridecameric GroEL in
complex with gp23 were observed. In contrast to the data obtained with Rubisco, nearly no
precursor ions remained (Figure 5d), and the dissociation spectrum at this collision voltage
appeared very similar to that observed for unliganded GroEL (Figure 4c). Thus binding of a
single gp23 molecule does not seem to have a stabilizing effect on the chaperonin complex.
This finding is in agreement with our hypothesis that binding of a single gp23 substrate
molecule does not induce major conformational changes, especially not in the unoccupied
GroEL trans-ring. Consequently, the structure and conformation of the trans-ring is still
similar to that in the unliganded GroEL ring, and therefore displays similar dissociation
behavior in the gas phase. This also explains the double occupancy we observed when
gp23 was used as the GroEL substrate. If the conformation of the trans-ring is not
significantly affected by the binding of the first gp23 substrate it would presumably still be
accessible for a second gp23 substrate molecule.
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If the hypothesis made above is correct, the GroEL chaperonin in complex with two gp23
substrate molecules (one bound to the cis- and on to the trans-ring) should show an
increased stability, as both rings are expected to be stabilized by interactions with the
substrate. Figure 5e shows the tandem mass spectrum of GroEL in complex with two gp23
substrate molecules at the highest available collision voltage. Even though small amounts of
dissociation products were observed, the GroEL-(gp23)2 precursor complexes remained
largely intact. The minor dissociation products are monomeric GroEL ions and tridecameric
GroEL ions, which retains the two gp23 substrate molecules. Thus, binding of two gp23
substrate molecules induces a significant increase in chaperonin complex stability in the gas
phase, which is in support of our hypothesis. This observation also suggests that the second
substrate molecule is not loosely attached at random to GroEL, but indeed is bound inside
the GroEL trans-ring. If it would have bound non-specifically to the outside surface of GroEL,
most likely the gp23 substrate would dissociate first before a monomer of GroEL is ejected
from the complex.
Conclusions
We have demonstrated that binding of the substrates Rubisco and gp23 to the GroEL
chaperonin has a strikingly different effect on the conformation and stability of the
chaperonin complex, resulting in different binding stoichiometries. A summary of our findings
is shown schematically in Figure 6. Using a mass spectrometric approach we show that
gp23 does not behave as a typical GroEL model substrate, since it is able to occupy
simultaneously the inside of the GroEL cis- and trans-rings. Until now the generally accepted
idea about GroEL-substrate interaction has been that the chaperonin binds only one
substrate molecule at the time. Once the first GroEL cavity is occupied the conformation of
the empty trans-ring is altered, such that a second substrate is unable to bind. Accordingly,
GroEL-Rubisco complexes with an exclusively 1:1 stoichiometry were observed. The clear
difference between the binding behaviors of gp23 and Rubisco, however, tempted us to
hypothesize that gp23 does not have the same effect on the conformation of GroEL as
Rubisco, that is, gp23 does not influence the structure of the unliganded GroEL trans-ring.
This aberrant binding behavior of the gp23 substrate was investigated in more detail by
analyzing intact 800-914 kDa GroEL-substrate protein complexes using tandem mass
spectrometry. Our data reveal that the binding of one Rubisco molecule to GroEL oligomer
is sufficient to stabilize the chaperonin complex against gas-phase fragmentation, in contrast
to gp23, which has to bind to both GroEL rings in order to generate a similar effect. These
results hence suggest that the physiological GroEL substrate, gp23, has a different effect on
the GroEL conformation than typical model substrates. It would thus be interesting to
determine whether this behavior is also displayed by other physiological GroEL substrates.
Normally upon substrate binding to the GroEL cis-ring a conformational change occurs in
the trans-ring
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which effectively reduces its accessibility for a second protein substrate. The tighter
interaction of the GroEL subunits in the trans-ring may possibly confer an increased stability,
and is hence less prone to dissociation by tandem mass spectrometry. This is consistent
with our observations for the 1:1 GroEL-Rubisco complex, which remained stable even
under the most extreme conditions of collision-induced dissociation. We propose that the
natural gp23 substrate does not follow this allosteric theory. It appears that the conformation
of the unoccupied GroEL trans-ring is hardly affected, and thus a second gp23 molecule is
able to bind. As the trans-ring conformation has not significantly changed in the 1:1 GroELgp23 complex it is equally prone to dissociation as unliganded GroEL in CID experiments.
Finally, the major increase in stability of the doubly occupied GroEL-gp23 complex comes
from the interactions of both heptameric rings, with substrates that are present in the folding
cavities of the chaperonin complex.

Figure 6. Representation of substrate specific GroEL-substrate interactions. Upon binding to Rubisco
the GroEL cis-ring is stabilized due to multiple interactions with the substrate. Concomitant
conformational changes are induced in the trans-ring that results in a narrower opening (grey ring vs.
white ring), inhibiting the entrance and binding of a second substrate. These conformational changes
tighten the interactions between the GroEL subunits, making it less amenable to dissociation. The gp23
substrate does not induce similar conformational changes in the trans-ring when it occupies the cis-ring,
thereby still allowing the entrance and binding of a second gp23 substrate. In case of gp23 binding, the
trans-ring conformation does not change significantly and is therefore more susceptible to gas-phase
dissociation. If both the cis- and trans-rings of GroEL have a gp23 substrate molecule inside the
complex remains intact even under the most harsh collision-induced dissociation (CID) conditions,
revealing that both rings are stabilized by substrate interactions.
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Materials and Methods
Protein preparations
GroEL was over-expressed in Escherichia coli strain MC1009 containing plasmid pSL6.
Cells were grown in Luria-Bertani (LB) medium with 100 Pg/ml ampicillin and 0.0005% (w/v)
arabinose at 37oC under vigorous aeration. GroEL was purified according to a previously
described protocol, slightly modified by the introduction of an acetone precipitation step

45,46

.

The major capsid protein gp23 was expressed from the IPTG inducible plasmid pET2331 in
E.coli strain BL21(DE3), a generous gift from L. Black (University of Maryland, Baltimore,
USA). Dimeric Rubisco from Rhodospirillum Rubrum was expressed in E.coli. Gp23 and
Rubisco were purified as described previously 30,40,47.
Mass Spectrometry
Mass spectrometry (MS) measurements were performed in positive ion mode using an
electrospray ionization time-of-flight (ESI-ToF) instrument (LC-T; Micromass, Manchester,
U.K.) equipped with a Z-spray nano-electrospray ionization source. Needles were made
from borosilicate glass capillaries (Kwik-Fil, World Precision Instruments, Sarasota, FL) on a
P-97 puller (Sutter Instruments, Novato, CA), coated with a thin gold layer by using an
Edwards Scancoat (Edwards Laboratories, Milpitas, CA) six Pirani 501 sputter coater. To
produce intact gas-phase ions from large complexes in solution it was required to cool the
ions collisionally by increasing the pressure in the first vacuum stages of the mass
spectrometer

48-50

, to values ranging from 7.5-9.9 mbar. The pressure was selected to

facilitate preservation of non-covalent interactions and promote efficient ion desolvation in
the interface region of the instrument. This in turn, resulted in adequately sharp ion signals
to allow for confident determination of the stoichiometries of complexes from the mass
spectrum. Nano-electrospray voltages were optimized for generation and transmission of the
macromolecular protein complexes; the needle voltage varied between 1300 and 1500V and
the sample cone voltage was set at 200V. Tandem mass spectra were acquired on a
modified Q-TOF 2 instrument

49

, under conditions optimized for the transmission of non-

covalent complexes. Ions were isolated in the quadrupole analyzer and accelerated into an
argon-filled linear hexapole collision cell. Various collision energies were used as described
below, with argon at a pressure of 3.0 x 10-2 mbar. The capillary voltage was typically set at
1300 V, the cone voltage at 200 V, the ion energy at 1.5 V and the cone gas was set at 100
l/h. Pressure conditions were 8.0 x 10-2 mbar in the analyzer and 2.3 x 10-6 mbar in the timeof-flight chamber. All spectra were mass calibrated by using an aqueous solution of cesium
iodide (50 mg/ml).
Sample preparation for mass spectrometry
GroEL concentrations below are given as tetradecamers, while substrate concentrations are
given as monomers. The buffer of the GroEL, gp23 and Rubisco preparations was
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exchanged to 50 mM ammonium acetate with a pH of 6.8, by using ultra filtration filters with
a cut-off of 5000 Da (Millipore, Bedford). Lysozyme (Sigma) was directly dissolved in 50 mM
ammonium acetate at pH 6.8. GroEL-substrate complexes were formed by first unfolding the
substrate in 8 M urea for 1 h at room temperature at a final substrate concentration of 25
PM. For Rubisco unfolding also 10 mM DTT was added, to prevent disulfide bridge
formation. Unfolding of gp23 was confirmed by circular dichroism analysis. The unfolded
substrate was added to a 50 mM ammonium acetate buffer pH 6.8, containing 2 PM GroEL
at various ratios varying from 1:0 to 1:5. The resulting maximum concentration of 1.7 M urea
did not affect the tetradecameric GroEL complex, since negligible amounts of monomeric
and heptameric GroEL were observed. The final concentration of GroEL and substrate
varied between 2-1.4 PM and 0-7 PM respectively, giving rise to GroEL tetradecamer to
substrate monomer ratios of 1:0 to 1:5. Excess of urea was removed from the sample by
filtration while changing the buffer to 50 mM ammonium acetate pH 6.8.
Gel electrophoresis and protein detection
GroEL-gp23 and GroEL-Rubisco complexes were prepared as described above at identical
ratios, except that GroEL was in 50mM Tris-HCl buffer pH 7.5. Next, the chaperoninsubstrate complexes were incubated with or without proteinase K (1.2 Pg/ml) for 10 min at
RT. Proteolysis was stopped by the addition of 1mM PMSF and the proteins were analyzed
by 7% SDS-PAGE and western blotting. Antibodies raised in guinea pigs and rabbits were
used to detect gp23 and Rubisco respectively. Antibody binding was visualized using the
electrochemiluminescence (ECL) detection system (PierceBiotechnology,Rockford, IL).
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Abstract
It has been shown that productive folding of substrate proteins by the GroEL complex of
Escherichia coli requires the activity of both the chaperonin rings. Inter-ring communications
between the heptameric rings regulate the chaperonins’ affinity for substrates and cochaperonin. To investigate the effect of substrate binding on inter-ring communications of
the chaperonin complex, both the double ring GroEL as well as the single ring SR1
chaperonin in complex with four different substrates were analyzed. Using native and
tandem mass spectrometry we show that whereas SR1 is unable to distinguish between
Rubisco, gp23, gp5 and MDH, GroEL shows clear differences upon binding these
substrates. The most distinctive binding behaviour is observed for Rubisco, which only
occupies one GroEL ring. Both bacteriophage capsid proteins (gp23 and gp5) as well as
MDH are able to bind to the two GroEL rings simultaneously. Our data suggest that interring communication allows the chaperonin complex to differentiate between substrates.
Using collision induced dissociation in the gas-phase, we observe differences between the
chaperonin(substrate) complexes only when both rings are present. In addition we suggest
that the size of the substrate is probably an important factor that determines the degree of
stabilization of the chaperonin complex, since a larger substrate appears to increase the
stability of the chaperonin complex more.
Introduction
The GroEL-GroES chaperonin complex of Escherichia coli is one of the best-studied
chaperone assemblies. GroEL is a homo-oligomeric double ring structure, and each ring
contains seven subunits. Together with its co-chaperonin GroES, that also forms a
heptameric ring, the complex assists in the folding of a variety of unrelated proteins in an
ATP dependent manner, by preventing misfolding and aggregation

1,2

. The central cavities

of the GroEL chaperonin are hydrophobic and can interact with the exposed hydrophobic
surfaces of a non-native substrate protein. After the binding of substrate to one of the GroEL
rings, and subsequent binding of ATP and GroES to the same ring a cis-complex is formed.
Due to the binding of co-chaperonin a conformational change in the complex occurs. The
surface of the GroEL cis-ring becomes hydrophilic and the substrate is released in the
enclosed folding cavity. ATP hydrolysis in the cis-ring is followed by ATP binding in the
opposite empty GroEL ring (also called trans-ring)

3,4

. This binding induces the discharge of

GroES and ADP molecules from the cis-ring and the substrate protein is released. If the
substrate protein has not yet reached its native conformation it can rebind to the chaperonin
complex for another round of assisted folding 5. So for the productive folding of substrate
proteins the action of both rings is required, mainly because GroES release from the cis-ring
requires the presence of ATP in the opposite trans-ring

6,7

. Different allosteric routes ensure

the correct intra- and interring communications. Whereas the GroEL complex shows positive
cooperativity in ATP binding within a ring, there is negative cooperativity between the two
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rings. At the same time ATP binding promotes the binding of GroES to that ring, converting it
from a substrate accepting state to a folding active state. The binding of ATP to the transring leads to the ejection of cis-ligands (ADP, GroES and substrate), which is essential to
allow a new cycle of substrate and GroES binding

6,8,9

. Proper inter-ring communication is

thus necessary for the correct functioning of the chaperonin complex and this is mainly
controlled by ATP binding and hydrolysis. However, also the binding of substrate to the
chaperonin complex can lead to long-range signals that are sent across the interface of the
two heptameric rings. The binding of substrate to the trans-ring can contribute to the
accelerated ejection of cis-ligands 8. Furthermore, it has been shown that the binding of a
substrate protein to one ring discourages the binding of substrates in the opposite ring, also
due to allosteric signalling 10. The binding of substrates can induce significant conformational
changes in the chaperonin complex, resulting in protrusion of the substrate from the cavity of
the cis-ring, while the opening of the unoccupied trans-ring becomes narrower. As a
consequence the trans-ring becomes effectively inhibited from binding a second polypeptide
substrate

11-13

. Although, these observations apply for the general case, the precise

interaction between the substrate and unliganded GroEL is substrate specific 14-16.
A mutant form of GroEL is known that is unable to form double ring structures. Four amino
acid substitutions were introduced into the interface regions preventing the back to back
stacking of the two heptameric rings

17

. This results in the formation of an inactive single ring

mutant of GroEL named SR1. Despite the lack of the second ring, the functional properties
of SR1 are remarkably similar to those of GroEL. It is able to bind substrate molecules and
enclose them in its folding cavity after nucleotide and GroES binding

17

. However, SR1 is

unable to release GroES because the binding of ATP to the opposite trans-ring that triggers
the co-chaperonin to dissociate from the complex is obviously not possible. Consequently,
SR1 does not allow the release of properly folded proteins 17-19.
To study the effect of inter-ring communication in the GroEL complex with respect to
substrate binding, we performed (tandem-) mass spectrometric analysis on GroEL, SR1 and
their complexes with different substrates. We have shown previously that the binding
properties of gp23 (the major capsid protein of bacteriophage T4, 56 kDa) and ribulose 1,5bisphosphate carboxylase/oxygenase (Rubisco, 54 kDa) to the chaperonin complex are
quite distinct, with strikingly different stoichiometries

16

. Based on these original observations

we hypothesized that the kind of conformational change that is induced in the chaperonin
complex upon substrate binding is substrate dependent. Here we have extended our studies
by investigating the binding effects of two additional substrates, namely gp5 the major
capsid protein of bacteriophage P22 (47 kDa) and malate dehydrogenase (MDH, 32 kDa).
Like Rubisco and gp23 both these substrates are also dependent on the chaperonin
complex for their correct folding. By using the SR1 mutant protein we show that the second
ring of the GroEL complex is essential for the chaperonin to discriminate between these four
substrates. Tandem mass spectrometry experiments confirmed that only differences
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between the chaperonin(substrate) complexes can be observed when both rings are
present. Furthermore, our result indicate that for substrates that have the ability to occupy
both GroEL rings simultaneously, most likely the size of these substrates determines their
stabilizing capacities of the chaperonin complex upon binding.
Results
Inter-ring communication is important to differentiate between substrates
We first determined the binding stoichiometries of gp23, Rubisco, gp5 and MDH, to
heptameric SR1 (SR17), a chaperonin complex in which inter-ring communication is
evidently absent. The substrate proteins were unfolded in urea whereafter they were diluted
into a solution containing SR17 at a ratio of 1:3 (SR17:unfolded substrate). The analysis of
the SR17(substrate) complexes by native mass spectrometry allowed us to determine the
binding stoichiometries of the different complexes

16

. Figure 1a shows the mass spectrum of

free SR17 (top), and the mass spectrum of the SR17(gp5) complex (bottom), which both
clearly show only one charge state distribution. From these distributions we can calculate
the masses of the complexes relatively accurate. For SR17 the mass determined from the
spectrum was 399686 +/- 40 Da (theoretical mass 399481 Da) and for SR17(gp5) we
determined a mass of 447382 +/- 43 Da. This latter mass is very close to the theoretical
mass of one heptameric SR1 ring with one gp5 substrate bound 446102 Da.

Figure 1. (a) Mass spectrum of SR17 (top) and SR17(gp5) (bottom), clearly showing only one charge
state distribution. This indicates that indeed all the SR17 present forms a complex with unfolded gp5
substrate. (b) Relative abundance of free SR17 and SR17(substrate) complexes as calculated from the
ion intensities present in the ESI mass spectra at a 1:3 SR17:substrate ratio. Upon the addition of
unfolded gp23 80% of the heptameric SR1 complexes bind to this substrate, whereas 20% remains
free. Rubisco and MDH both occupy 95% of the available heptameric SR1 complexes and gp5
completely saturates the mutant chaperonin complex.

126

Chapter 5

If we assume that the ionization efficiencies of all the chaperonin species are similar, the
spectra give semi-quantitative reflections of the abundance of the different species present
in solution. Upon addition of unfolded gp23 80% of heptameric SR1 bind this substrate,
whereas 20% remained free of substrate. Rubisco and MDH both occupied 95% of the
available SR1 heptamers and gp5 completely saturated the SR17 chaperonin. In line with
what was expected, SR17 could only bind one substrate molecule, and at a ratio of
heptameric SR1:unfolded substrate of 1:3 almost all of the SR17 present was occupied
independent of the type of substrate. Only in case of gp23, the amount of free heptameric
SR1 that remained was slightly higher.
When we consider the double ring GroEL14 complex, the chaperonin assembly is able to
communicate between the rings. To investigate wether the reported inter-communication
has an effect on substrate binding we performed a similar experiment as with SR17. The four
substrate proteins were unfolded and added to a solution containing tetradecameric GroEL
at GroEL14:substrate ratios varying from 1:1 to 1:5. Interestingly, remarkable differences
were observed between the different GroEL14(substrate) complexes (Figure 2).

Figure 2. Relative abundances of the GroEL14(substrate) complexes calculated from the ion intensities
in the ESI mass spectra at varying GroEL14:substrate ratios (from 1:1 up to 1:5). GroEL14 in complex
with (a) gp23, (b) Rubisco, (c) gp5 and (d) MDH. Whereas it is not possible to occupy both binding sites
of the chaperonin complex with Rubisco, at a ratio of 1:4 the chaperonin complex is already saturated
with gp5 in both rings.
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Three of the four substrates were able to occupy both GroEL14 rings simultatiously, except
Rubisco of which a second molecule could not bind to the trans-ring. These results indicate
that the conformation of the trans-ring changes differently depending on the type of
substrate that binds in the cis-ring. The relative abundance of GroEL14, GroEL14(substrate)
and GroEL14(substrate)2 indicates that the binding constants of the substrates are quite
different. Whereas the binding constant for each of the gp23 substrates molecules is in the
same order of magnitude, it is not very high compared to the binding constant of Rubisco. At
the same time the chaperonin complex has no affinity for a second Rubisco molecule.
Futhermore, gp5, which, like gp23 is a major capsid protein, and MDH were able to occupy
both rings of the chaperonin complex. However, gp5 and MDH bound to both rings already
at significant lower concentrations than gp23. At a GroEL14:gp5 ratio of 1:4 , 90% of the
available GroEL14 had two gp5 substrates bound, while this was only 60% when gp23 was
used. So even though the possible binding stoichiometries of both capsid proteins are the
same, the binding constants for both the first and the second gp5 substrate are higher. And
at a ratio of 1:4 GroEL14:MDH, there is no free tetradecameric GroEL left, and 80% of the
chaperonin complex had two MDH substrate molecules bound. Thus also for MDH the
binding constants are higher than those of gp23.
Tandem mass spectrometry
To further investigate the differences in substrate binding between the single and double
ring chaperonin complex tandem mass spectrometry was used. In such experiments specific
precursor ions of the chaperonin complexes are mass selected and subsequently
fragmented by collisional activation. Inside the collision cell the ions of the chaperonin
complex collide with argon molecules, and the internal energy of the ions increases which
can result in dissociation. The observed chaperonin complex dissociation is dependent on
the protein complex itself as well as on the collison voltage that is used. In order to compare
the dissociation characteristics of different non-covalent complexes it is necessary to use the
center-of-mass collision energy Ec.o.m. instead of the collision voltage

20

. The Ec.o.m. takes the

masses of the colliding particles as well as the initial charge state of the selected ion into
account. This is required as the internal energy of the ions increases at a higher charge
state, which favours the dissociation, and also the masses of the particles involved influence
the collision efficiency. Even though the dissociation process inside the collision cell
concerns multiple collisions this approach allows semi-quantitative comparisons of SR17 and
GroEL14 to be made 20, and Ec.o.m. may be estimated by:
Ec.o.m. = Elab x mtarget/(mprotein + mtarget)
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Elab (zeV) is the ion kinetic energy in the laboratory frame of reference, mtarget is 40 Da (the
mass of the argon collision partner) and mprotein is the mass of the selected protein complex
(e.g. for GroEL14 about 800 kDa and for SR17 about 400 kDa).
So if we now monitor the intensity of the parent ion peaks of both SR17 and GroEL14 with
increasing collision voltages, and convert these values to relative abundances of the
chaperonin complexes and Ec.o.m.‘s we can plot breakdown graphs of the intact chaperonin
complexes (Figure 3, SR17 and GroEL14). The maximum amount of collision voltage we can
apply to our collision cell is 200V, which corresponds to Ec.o.m. values of 0.68 and 0.94 eV for
the selected ions of GroEL14 and SR17, respectively. Figure 3 shows that both
tetradecameric GroEL as well as heptameric SR1 start to dissociate around the same
center-of-mass collision energy (~0.50 eV). Hereafter differences started to occur, whereas
tetradecameric GroEL almost completely dissociates, still about half of the heptameric SR1
complexes are intact at the highest attainable Ec.o.m..

Figure 3. Breakdown graphs of heptameric SR1 (SR17 open triangles) and tetradecameric GroEL
(GroEL14, black squares). Tandem mass spectrometry was performed on 47+ and 67+ ions of SR17 and
GroEL14, respectively. The curve of SR17 shows the relative abundance of the selected parent ion peak
at increasing center-of-mass collision energies. As the relative abundance of SR17 decreases due to
dissociation, the abundance of the dissociated products (monomers SR11 and hexamers SR16)
increases. The dissociation products of GroEL14 are monomers (GroEL1) and tridecamers (GroEL13). At
higher energy values tridecameric GroEL further dissociates into dodecamers (GroEL12) and monomers
of GroEL.

This indicates that in the gas-phase there are possibly two different single ring chaperonin
species present, of which one is as susceptible to gas-phase dissociation as GroEL14,
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whereas the other population is somewhat more resistant to gas-phase dissociation than the
double ring GroEL complex. For both SR17 and GroEL14 the dissociating subunit is a
monomer (SR11 and GroEL1), and consequently also SR1 hexamers (SR16) and GroEL
tridecamers (GroEL13) are present. At a certain center-of-mass collision energy even
dodecameric GroEL (GroEL12) ions start to appear originating from the tridecamers that start
to expel a second GroEL monomer.
Next we monitored the effect of substrate binding on the gas-phase stability of the single
ring chaperonin complex. Saturated SR17(substrate) complexes were produced with gp23,
Rubisco, gp5 or MDH. For each complex a charge state was selected and subjected to
increasing Ec.o.m.. Figure 4a shows some mass spectra obtained for the SR17(gp5) complex.

Figure 4. (a) Tandem mass spectra of the 50+ charge state of SR17(gp5) at increasing center-of-mass
collision energies. The dissociation products are SR1 monomers (SR11) and hexameric SR1 complexes
with gp5 still bound (SR16(gp5)). (b) Break down graphs of different SR17(substrate) parent ion peaks
as well as free SR17 (closed circle). Open triangles indicate a complex between SR1 7 and gp5, closed
rhombus with Rubisco, open squares with MDH and closed triangles with gp23.
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We selected the 50+ charge state and at low center-of-mass collision energies the parent
ion remains intact. Once the Ec.o.m. exceeds 0.56 eV dissociation products are formed. The
dissociation products of SR17(gp5) are SR1 monomers (SR11) and hexameric SR1
complexes with gp5 still bound (SR6(gp5)). But even though at increasing Ec.o.m.’s the
amount of dissociation products increased, still a significant amount of parent ion remains
intact at 0.90 eV (this corresponds to the maximum 200 V collision voltage). Interestingly, no
loss of the gp5 substrate is observed, indicating that even in the gas-phase the structure of
the chaperonin complex is retained to some extent

16,21

. The relative abundance of the

different complexes in the spectra was calculated according to the intensities of the ions
allowing us to produce breakdown graphs as described above. Figure 4b shows the
dissociation of the parent ion peaks of the different SR17(substrate) complexes as a function
of the Ec.o.m.. For comparison the dissociation curve of SR17 is also shown. For reasons of
clarity no curves of the dissociated products, SR11 and SR6(substrate) that start to appear
are shown. Overall the dissociation plots of the SR17(substrate) complexes are very similar
as they follow a similar pathway around the same Ec.o.m.’s, and show no stabilizing effect
upon substrate binding to the heptameric SR1 complex. The single ring chaperonin complex
thus shows similar binding stoichiometries for the different substrates, and also the stabilities
of the different complexes during gas-phase induced dissociation are similar.
To investigate the gas-phase stability of the GroEL14(substrate) complexes with different
binding stoichiometries similar type of tandem mass spectrometry experiments were
performed. Whereas the free GroEL14 completely dissociated (Figure 3), the parent ion of
the GroEL14(Rubisco) complex remained almost completely intact upon collision induced
dissociation (data not shown)

16

. In contrast to Rubisco which stabilized the chaperonin

complex significantly, binding of one gp23 showed no effect (data not shown)

16

. Gp23 had

to occupy both rings of the chaperonin in order to increase the gas-phase stability of the
complex (Figure 5a). Only a very small amount of the GroEL14(gp23)2 complexes eject a
monomer of GroEL at high Ec.o.m.’s. If we now monitor the gas-phase dissociation of the
GroEL14(gp5) and GroEL14(gp5)2 complexes a similar behaviour is found. Like with gp23,
binding of two gp5 molecules increased the stability of the chaperonin complex. If only one
gp5 binds to GroEL14, the majority of the parent ions were dissociated into GroEL13(gp5) and
GroEL1. It is even possible for the complex to eject a second GroEL monomer at the highest
collision voltage (Ec.o.m. of 0.65 eV, Figure 5b), similar to free GroEL14. The amount of parent
ion that remains is much larger when both rings contain a gp5 substrate (Figure 5c).
However, the effect is still somewhat smaller than when two gp23 substrates are bound
(Figure 5a), and this might be because gp5 is smaller than gp23 (47 kDa vs. 56 kDa).
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Figure 5. Tandem mass spectra of (a) the 71+ charge state of GroEL14(gp23)2 at a center-of-mass
collision energy of 0.62 eV, (b) the 70+ charge state of GroEL14(gp5) at a center-of-mass collision
energy of 0.65 eV, (c) the 71+ charge state of GroEL14(gp5)2 at a center-of-mass collision energy of
0.63 eV. Even though gp5 is able to stabilize the tetradecameric GroEL complex when it occupies both
rings, this effect is smaller than when two gp23 substrates bind to the complex, compare a and c. (d)
Summary of the gas-phase stability of the different GroEL14(substrate) complexes, determined from the
collision-induced dissociation experiments.

The number of interactions a smaller substrate makes with the heptameric GroEL ring might
be expected to be less. If these interactions contribute to the stability of the chaperonin
complex, the stability of the complex decreases when the substrate makes fewer
interactions. This realization inspired us to investigate the stabilizing effect of binding the
even smaller substrate, MDH (32 kDa), to the GroEL14 complex. Both GroEL14(MDH) and
GroEL14(MDH)2 dissociated completely into monomeric GroEL and GroEL13(MDH) or
monomeric GroEL and GroEL13(MDH)2 respectively, and at higher energy values also
GroEL12(MDH) or GroEL12(MDH)2 was formed. So, none of these chaperonin complexes
gained any extra stability due to the binding of one or two MDH substrates (data not shown).
This is in line with our hypothesis that the size of the substrate is an important factor for
substrate-dependent stabilization upon binding to the chaperonin complex, assuming that an
increased size means a larger number of interactions. Figure 5d schematically summarizes
the observed gas-phase stabilities of the different GroEL14(substrate) complexes.
Discussion and conclusion
Here we have investigated the effect of inter-ring communication in the chaperonin complex
upon substrate binding. Whereas SR17 responds similarly to the binding of gp23, Rubisco,
gp5 and MDH, their binding induces different effects in the GroEL14 complex. In line with
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what was expected SR17 could only bind one substrate protein, and at a 1:3 ratio of
heptameric SR1:unfolded substrate almost all of the mutant chaperonin complex present
was occupied, independent of the substrate that was used. It was already known that the
binding of a substrate to one of the GroEL rings could have an effect on the binding
characteristics of the opposite GroEL ring. However, so far this always showed to be a
negative cooperative effect i.e. the binding of the first substrate effectively inhibited the
binding of a second substrate in the opposite ring

10,15

. In contrast to these studies we show

that the stoichiometry of substrate binding to the chaperonin complex is dependent on the
type of substrate. The capsid proteins gp23 and gp5 as well as MDH are able to occupy
both GroEL rings simultaneously, whereas Rubisco only binds to one heptameric ring of the
chaperonin complex. This suggests that the inter-ring communications in the chaperonin
complex are differently for the different substrates. Since the possibility of inter-ring
communication is absent for SR17 this complex reacts similarly to all four substrates. To
further investigate the differences between GroEL14 and SR17 upon substrate binding
tandem mass spectrometry was used. This method allows the investigation of the stabilities
of protein complexes

22-24

. Using this approach we observed that both SR17 and GroEL14

start to dissociate around the same center-of-mass collision energy. This indicates that the
chaperonin complexes are equally stable in our gas-phase induced dissociation
experiments. This is in constrast to an earlier study by Panda et al.

25

, who monitored the

dissociation characteristics of GroEL14 and SR17 by high hydrostatic pressure. Their results
indicated that the presence of the second ring in the chaperonin complex is important for its
stability. However, this approach is very different from the one we used here. First of all their
study is performed in the solution phase. Furthermore, much more energy can be put into
the protein complex by high hydrostatic pressure than by tandem mass spectrometry, even
though they used pressures at which oligomeric proteins generally only undergo reversible
dissociation, and no denaturation yet (< 3 kbar). But still they are able to completely
dissociate SR17 and GroEL14 into monomers, whereas by tandem mass spectrometry we
are only able to dissociate at a maximum two subunits out of the chaperonin complexes,
leaving the rest of the complex intact. In addition, the dissociated monomers originating from
the SR17 complex were unsuitable for reassociation, indicating that they did undergo some
conformational drift. With mass spectometry already several studies have shown evidence
that is is very well possible that the three dimensional structure of protein complexes may be
remained in the gas-phase to some extent 16,21,26.
Next, we showed that besides the fact that the single ring chaperonin complex shows similar
binding stoichiometries for the different substrates, also the stability of the different
SR17(substrate) complexes during gas-phase induced dissociation is the same. Again it was
the presence of the second heptameric ring in the chaperonin complex that made a clear
difference. Interesting to mention here is that previously we have shown that upon the
binding of the co-chaperonin GroES to GroEL the chaperonin complex does not gain any
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stability

26

. Therefore the difference between substrate binding and GroES binding seems

very large by means of gas-phase stability. The binding of two capsid proteins to the
chaperonin significantly stabilized the complex. However, we observed that the stabilizing
effect of the somewhat smaller capsid protein gp5 (47 kDa vs. 56 kDa) was slightly smaller.
It is known that substrates are able to bind multi-valently to the heptameric ring of the
chaperonin complex

10,14

. A study by Farr et al.

14

, showed that for the productive folding of

the stringent substrates Rubisco and MDH a minimum of three consecutive GroEL
monomers were required. Stringent substrates are dependent on the complete chaperonin
system to reach their native conformation, like our substrate proteins gp23, Rubisco, gp5
and MDH all are. However, for a larger substrate it becomes more likely that in addition to
the interactions it makes with the three adjacent GroEL monomers, it can also bind to
another GroEL monomer that is not necessarily directly next to the others. As the substrate
is large enough to interact with other surfaces within the heptameric ring as well, the total
number of interactions between the substrate and the GroEL ring are likely to increase. We
suggest that if the number of interactions increases the interactions with GroEL14 strengthen,
and it thereby becomes more difficult to dissociate the chaperonin complex. This hypothesis
is confirmed by our observations with the smallest substrate of our studies, MDH which is
only 32kDa. The GroEL14 complex with two MDH substrates bound was as susceptible to
dissociation as the free GroEL14 complex.
In conclusion we show that inter-ring communication is important for the chaperonin
complex for its response to ligand binding. In the absence of the second GroEL ring the
chaperonin is unable to differentiate between different substrates. In literature two different
GroEL complexes have been described, both containing a single point mutatation at the
contact surface between the rings (E434K and E461K)

27,28

. The initial glutamic acid

residues are involved in salt-bridge formation, that contribute to the ring-ring interactions.
Distorting these salt-bridges strongly affects the inter-ring communications of the chaperonin
system, and these mutant double ring GroEL complexes are though to lack the negative
inter-ring cooperativity for substrate binding

27

. Therefore, these two mutant GroEL

complexes would be very interesting to investigate by using our approach, in the absence
and presence of substrate molecules.
Materials and Methods
Protein preparations
GroEL was over-expressed in Escherichia coli strain MC1009 containing plasmid pSL6.
Cells were grown in Luria-Bertani (LB) medium with 100 Pg/ml ampicillin and 0.0005% (w/v)
arabinose at 37oC under vigorous aeration. GroEL was purified according to a previously
described protocol, slightly modified by the introduction of an acetone precipitation step

29,30

.

SR1 was over expressed in E. coli strain MC1009 containing plasmid pET11a-SR1 (a kind
gift from N. Strippel, Max Planck Institute, Germany), and purified as described previously
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The major capsid protein gp23 was expressed from the IPTG inducible plasmid pET2331 in
E.coli strain BL21(DE3), a generous gift from L. Black (University of Maryland, Baltimore,
USA). Dimeric Rubisco from Rhodospirillum Rubrum was expressed in E.coli. Gp23 and
Rubisco were purified as described previously

32-34

. Purified gp5 was a kind gift from C.

Teschke (University of Connecticut, USA). Mitochondrial malate dehydrogenase was
purchased from Sigma (M2634).
Mass Spectrometry
Mass spectrometry (MS) measurements were performed in positive ion mode using an
electrospray ionization time-of-flight (ESI-TOF) instrument (LC-T; Micromass, Manchester,
U.K.) equipped with a Z-spray nano-electrospray ionization source. Needles were made
from borosilicate glass capillaries (Kwik-Fil, World Precision Instruments, Sarasota, FL) on a
P-97 puller (Sutter Instruments, Novato, CA), coated with a thin gold layer by using an
Edwards Scancoat (Edwards Laboratories, Milpitas, CA) six Pirani 501 sputter coater. To
produce intact gas phase ions from large complexes in solution the pressure in the first
vacuum stages of the mass spectrometer was increased (to values ranging from 7.5-9.9
mbar) to cool the ions collisionally

24,35,36

. The exact pressure was selected to facilitate

preservation of non-covalent interactions and promote efficient ion desolvation in the
interface region of the instrument. This in turn, resulted in adequately sharp ion signals to
allow for confident determination of the stoichiometries. Nano-electrospray voltages were
optimized for generation and transmission of the macromolecular protein complexes; the
needle voltage varied between 1300 and 1500V and the sample cone voltage was set at
200V.
Tandem mass spectra were acquired on a modified Q-TOF 1 instrument under conditions
optimized for the transmission of non-covalent complexes

26

. Ions were isolated in the

quadrupole analyzer and accelerated into an argon-filled linear hexapole collision cell.
Various collision energies were used, with argon at a pressure of 2.0 x 10-2 mbar. The
capillary voltage was typically set at 1500 V and the cone voltage at 150 V. The pressure in
the first vacuum stage of the instrument was increased by reducing the pumping efficiency
of the rotary pump. Since the first Pirani gauge is located between the speedivalve and the
rotary pump we could not measure the actual pressure in the first vacuum stage. In the
second hexapole chamber the pressure was 1.0 x 10-2 mbar, the third vacuum chamber,
containing the quadrupole had a pressure of 6.7 x 10-4 mbar. Pressure conditions in the
collision cell were 2 x 10-2 mbar and 2.0 x 10-6 mbar in the time- of-flight chamber.
Sample preparation for mass spectrometry
SR1 and GroEL concentrations below are given as heptamers and tetradecamers
respectively, while substrate concentrations are given as monomers. The buffer of the all the
proteins was exchanged to 50 mM ammonium acetate with a pH of 6.8, by using ultra
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filtration filters with a cut-off of 5000 Da (Millipore, Bedford). SR1(substrate) and
GroEL(substrate) complexes were formed by first unfolding the substrate in 8 M urea for 1 h
at room temperature at a final substrate concentration of 25 PM. For Rubisco unfolding also
10 mM DTT was added, to prevent disulfide bridge formation. The unfolded substrate was
added to a 50 mM ammonium acetate buffer pH 6.8, containing 1 PM SR1 or 2 PM GroEL at
various ratios varying from 1:0 to 1:5. The resulting maximum concentration of 1.7 M urea
did not affect the oligomeric SR1 or GroEL structures. The final concentration of
SR1(substrate) and GroEL(substrate) complexes varied between 1.4 and 2 PM. Excess of
urea was removed from the sample by filtration while changing the buffer to 50 mM
ammonium acetate pH 6.8.
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Abstract
The major capsid protein gp23 of bacteriophage T4 forms hexameric structures that are the
main building blocks for the large phage capsid. During phage maturation, 65 amino acids
are removed from the N-terminus of gp23. This processing induces large conformational
changes and increases the stability of the phage capsid. Before cleavage however, the gp23
hexamers are thought to be much more dynamic. Here we have investigated the dynamic
properties of the uncleaved gp23 hexameric building blocks. Native mass spectrometry was
used to monitor subunit exchange reactions between gp23 hexamers and
o

15

N labeled gp23

o

hexamers over a wide temperature range (0 C – 37 C). The analysis reveals an unusual
o
temperature dependence of gp23 hexamers. Whereas at 0 C, exchange is completed within

15 min, at 21 oC this takes up to 8 hrs. We show that the addition of methanol increases the
stability of the gp23 complex while increasing the salt concentration reduces the stability.
This strongly suggests that electrostatic interactions are the most dominant interactions in
the gp23 hexamer.
Introduction
Bacteriophage T4 is a double stranded DNA virus that infects Escherichia coli. With an
approximate genome size of 170 kbp (representing 50 different gene products) T4 is one of
the largest bacteriophages known with one of the most complex capsids (or head)

1-3

.

Almost half the number of T4 phage genes is essential for morphogenesis of the viral head.
In the completed phage the capsid is 1150 Å long and has a width of 850 Å. The molecular
weight of this mature phage head is 112 MDa, and the mass of the genome inside the
capsid accounts for another 194 MDa

1,4,5

. For the correct assembly of the bacteriophage T4

head, the major capsid protein gp23 first requires folding assistance of the host GroEL
chaperonin. GroEL together with its co-chaperonin GroES folds about 15% of the newlysynthesized proteins of E. coli 6. However, the GroEL-GroES folding machine can not fold
the capsid protein of bacteriophage T4. Instead folding of the capsid protein requires the
presence of gp31, a co-chaperonin encoded by bacteriophage T4 itself. During infection
GroES is replaced by gp31 and the altered chaperonin complex assists in the folding of the
gp23 capsid protein

7,8

. It has been hypothesized that the GroEL-gp31 complex possesses a

slightly larger folding cavity compared to the GroEL-GroES complex, which would be
essential for the folding of the relatively large gp23 (56 kDa) 9. Initial support for this
hypothesis was presented by Bakkes et al.

10

, who used limited proteolysis to show that

indeed gp23 cannot be encapsulated by the GroEL-GroES cavity whereas it can be in the
GroEL-gp31 cavity. Recently, cryo-electron microscopy and image processing were used to
estimate the volume of the folding cavities

11

. The data suggest an increase in volume of 8%

in the GroEL-gp31-ADP structure relative to the GroEL-GroES-ADP structure.
After infection of E. coli by the T4 phage and the production of viral proteins the formation of
the T4 head starts with the assembly of the prehead. This prehead consists of a core, made
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up of the major core protein gp22 and several minor head proteins. The core serves as a
scaffold for the capsid shell that is composed of 960 copies of the major capsid protein,
gp23 4. The gp23 subunits are arranged as hexameric structures and together with the 11
pentameric corners of gp24 they form the prohead which is icosahedral in shape

12

. Prior to

the insertion of dsDNA, the gp22 scaffold is digested and the capsid proteins, gp23 and
gp24, are cleaved by the T4-encoded protease, gp21

13,14

. The so-formed prohead is

remarkably stable, but at the same time very dynamic. Large conformational changes that
result in expansion of the prohead are initiated, when the first 65 amino acids of gp23 are
proteolytically cleaved from the N-terminus

15

. This cleavage drives the assembly towards

the accumulation of more complete particles and increases the internal capacity of the
phage head for genomic DNA storage 16,17.
In order to investigate the basic structure of the prohead, polyheads are often used as a
source of capsid protein. Polyheads are long open-ended tubes of uncleaved gp23, and can
be assembled in vivo in the absence of any other viral proteins (except gp31). Polyheads
are structurally closely related to proheads, and relatively easy to produce

12,15,18-21

. The fact

that they are devoided of any other capsid proteins facilitates data acquisition and
interpretation

17

. In the early days of bacteriophage T4 research van Driel

20

and Caldentey

et al.

21

, isolated polyheads from E. coli that had been infected with a mutant phage. Van

Driel

20

showed that when the temperature is lowered from 37 oC to 0o C the polyheads

loose their stability and dissociate. Also lowering the ionic strength showed to destabilize the
polyheads. On the basis of these studies it has been suggested that hydrophobic (entropy
driven) forces dominate the gp23 interactions.
Here we aimed to investigate the dynamic properties of the hexameric gp23 complex using
native mass spectrometry. Often dissociation and association behavior of oligomeric protein
complexes is complicated to analyze because of their large size. However with native mass
spectrometry, protein complexes far over one million Dalton can be analyzed

22,23

. Very

recently this approach has been used successfully to study exchange reactions of large
protein complexes such as for instance the tetrameric transthyretin complex
heat shock protein DA-crystallin

25,26

24

and the small

. For the tetrameric transthyretyn protein the mass

spectrometric analysis revealed that whereas subunit exchange occurs via monomers and
dimers in the wild-type transthyretin complex, in the L55P mutant complex the exchange
mechanism is dominated by dimers. Furthermore, the dissociation rate of wild-type
transthyretin increased in the presence of L55P transthyretin, and hybrid tetramers were
formed. In the study of the small heat shock protein DA-crystallin mass spectrometry showed
that the exchange rate of the truncated DA-crystallin decreased significantly compared to the
wild-type. Here we set out to investigate the exchange dynamics of subunits in a mixture of
15

N labeled gp23 and non-labeled hexamers. In addition the effects of alcohol, ionic strength

and temperature on the subunit exchange reaction of the gp23 hexamers was analyzed,
allowing us to suggest that electrostatic interactions are dominant in the gp23 hexamer.
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Results
Isotopic labeling of gp23
In order to establish whether the isotope labeling of the capsid protein had been successful,
the mass spectra of both the natural abundance N isotopes (gp23) and

15

N labeled gp23

15

( N gp23) were determined under denaturing conditions. Diluting gp23 in an aqueous
ammonium acetate solution (pH 2.5) resulted in denaturation of the protein (Figure 1a).

Figure 1. (a) Mass spectrum of denatured gp23 in ammonium acetate pH 2.5. A wide charge state
distribution is present. The most intense ion signals correspond to gp23 monomers, and the ions with a
lower intensity correspond to gp23 dimers. (b) Enlargement of a selected mass range of the mass
spectra of denatured gp23 (black) and

15

N labeled gp23 (light grey) in ammonium acetate pH 2.5. A
15

mass difference of 659 Da between gp23 and N gp23 can be determined from these mass spectra.

The gp23 monomers and (some) dimers that are observed have a wide charge state
distribution at the low m/z scale, which is generally observed for proteins sprayed under
denaturing conditions. This approach enables relatively accurate mass determinations from
which the percentage of

15

N incorporation in the gp23 protein can be determined. Using the

amino acid sequence of gp23, it can be calculated that a mass increase of 661 Da is
expected, if
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N incorporation would be 100%. As becomes clear from Figure 1b, a mass
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increase of 659 Da was observed, which corresponds to a 99-100 % incorporation of the
isotopic label.
Temperature dependent exchange dynamics of gp23 hexamers
To study the dynamic properties of the gp23 hexamer the interactions in the complex need
to be retained in the gas-phase. First of all this requires the use of an appropriate buffer
solution, and secondly collisional cooling is essential for proper ion tranmission. When gp23
and

15

N gp23 were mixed at room temperature (21 oC) in 50 mM aqueous ammonium

acetate, intact hexamers could be detected and well resolved in the mass spectrum as they
have a mass difference of almost 4 kDa (Figure 2a, bottom black).

Figure 2. (a) Mass spectra of subunit exchange between gp23 and

15

N gp23 monitored in time at 21

o

C. At the first time point (0 min, bottom black), both hexamers still show a separate charge state

distribution. In time intermediate products are formed and after 8 hours the exchange reached
equilibrium. (b) Simulated mass spectrum of the products of subunit exchange between gp23 and

15

N

gp23. (c) Percentage of unexchanged gp23 as a function of time. Whereas the initial exchange is rather
fast, it takes quite some time to reach completion.
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Mass spectrometric analysis of the stock solution, which was kept at room temperature, at
various time points revealed the appearance of intermediate peaks over time, corresponding
to species that were composed of both gp23 and

15

N gp23 subunits. The mass difference

between two adjacent peaks agrees well with the determined mass difference between a
gp23 and

15

N gp23 subunit (648 Da vs. 661 Da). After 8 hours in 50 mM aqueous

ammonium acetate solution equilibrium had been reached (Figure 2a, top black). Our data
suggested that subunit exchange occurred via monomers and that after 8 hours exchange
reached equilibrium. To validate this conclusion we used curve fitting and simulated the
mass spectra

25

. With our newly developed simulation programm SOMMS it is possible to

determine the time for exchange completion by assuming that the exchange reaction
reached equilibrium when the intensity of the peaks was found to approximate a binomial
distribution. This distribution can be calculated using the initial protein ratio (gp23: 15N gp23)
upon mixing. A simulated mass spectrum was generated using the theoretical abundances
of the different intermediate hexameric products. Figure 2b shows that such a simulated
spectrum is very similar to the experimental spectrum shown in Figure 2a (top black).
SOMSS considered exchange to occur via monomers, dimers and trimers, but satisfactory
results were only obtained by using monomers as the exchanging subunit. Using the
intensities of the ion peaks in the spectra it is possible to plot the presence of a particular
complex versus time in a diagram. Figure 2c shows the percentage of gp23 as a function of
time and clearly indicates that in time the amount of pure gp23 decreases. Whereas the
initial exchange rate is rather high, it takes quite some time for the reaction to reach
completion.
In order to obtain information about the stability of the gp23 hexamer, the effect of
temperature on the subunit exchange rate was determined. When instead of 21 oC, the
same experiment was performed at 0 oC the rate of subunit exchange was strikingly
different. Instead of 8 hours it only took 15 min for the exchange reaction to reach
equilibrium. Already after 45 seconds gp23 and

15

N gp23, significant amounts of hetero-

hexameric complexes were formed (data not shown). To further investigate this temperature
dependency, subunit exchange was also determined at 5, 10, 15, 18, and 37 oC. The data
showed a clear correlation between temperature and the subunit exchange time (Figure 3a).
We plotted the half-value of the subunit exchange time (T1/2) to reach completion as a
function of the temperature. The diagram excludes the values for our measurements at 37
o

C, as the time it took for the subunits to exchange to completion was longer than 10 hours.

After 10 hours the protein started to aggregate, which complicated the mass spectrometric
analysis. Upon converting the diagram into an Arrhenius plot (Figure 3b) a linear relationship
between the subunit exchange time and the temperature becomes apparent. From the
Arrhenius plot the slope of the line as well as the intercept could be determined. Using these
values it was possible to predict the exchange time for the hexameric gp23 structures at
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37oC, it will take more than 49 hours for the exchange reaction to reach the endpoint at this
temperature.

Figure 3. (a) Diagram showing the relation between the temperature and the subunit exchange rate. (b)
Graph showing the logarithmic T1/2 of subunit exchange versus the inverse temperature (Arrhenius plot).
o

(c) Diagram showing the effect of the ammonium acetate concentration on the exchange time at 21 C
(0.05, 0.2, 0.45 and 1 M of ammonium acetate at pH 6.7). (d) Mass spectra acquired 30 min after
initiation of the subunit exchange reaction in a buffer of 450 mM aqueous ammonium acetate (top) or 50
aqueous mM ammonium acetate (bottom).

The influence of alcohol and ionic strength on hexamer stability
The observed decreased stability of the gp23 hexamers at lower temperatures suggests that
hydrophobic interactions may play an important role in these oligomers. To investigate this
further, the subunit exchange experiment at 21oC was repeated in the presence of 15%
methanol (v/v). Addition of alcohols is thought to trigger the dissociation of protein
complexes that are maintained by hydrophobic interactions

27

. Methanol in particular

decreases the strength of hydrophobic interactions and is thus expected to result in an
increased subunit exchange rate. In contrast we observed that in the presence of methanol
subunit interactions were favored instead of destabilized. Whereas subunit exchange in the
absence of methanol showed substantial amounts of heterohexameric gp23 complexes after
90 min, in the presence of 15 % methanol no exchange was observed, not even after 240
min (data not shown).
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However, in addition to hydrophobic interactions electrostatic interactions between charged
groups are also involved in maintaining protein structures. Electrostatic interactions are
expected to be affected by high ammonium acetate concentrations which will destabilize the
interactions as a result of ionic shielding of charged residues. Consequently the attraction
between the different subunits of the complex will be reduced, decreasing the stability. This
phenomenon was observed in a study of the binding affinities for the Tus-Ter complex, a
complex that can halt replication of DNA on the E. coli chromosome (Ter is a specific DNA
sequence and Tus is a protein)

28

. At a low (10 mM) ammonium acetate concentration, the

affinity of Tus for Ter are distinguishable, as a very stable complex was formed. When the
ammonium acetate concentration was increased to 800 mM, the stability of the complex
decreased and the dissociation constant could be determined 28.
To investigate the interactions within the gp23 hexamer, the exchange times were measured
in the presence of various concentrations of aqueous ammonium acetate (between 0.2 M
and 1 M). Although the major type of salt in cells is potassium chloride, the ionic strength of
ammonium acetate is identical

29

. The results were compared to those obtained with a 50

mM aqueous ammonium acetate buffer. Already in 0.2 M aqueous ammonium acetate, we
observed a significant increase in the rate of subunit exchange. The exchange reached
equilibrium within 30 min compared to 8 hours in 50 mM ammonium actetate. At higher
concentrations of ammonium acetate the reaction was even faster, indicating that
electrostatic interactions play an important role in the stability of the hexameric gp23. In
Figure 3c we have plotted the half-value of the subunit exchange time to reach equilibrium
(T1/2) as a function of the ammonium acetate concentration. Figure 3d shows the differences
observed in the mass spectra after 30 min of subunit exchange, due to different ammonium
acetate concentrations. In the top spectrum the reaction was performed at 0.45 M aqueous
ammonium acetate, and in the bottom spectrum at 0.05 M.
Discussion and conclusion
Here we studied the dynamics of gp23 hexamers, which are the main building blocks for the
bacteriophage T4 prehead, by native mass spectrometry. We showed that the stability of the
gp23 hexamers is dependent on the temperature, the ionic strength and percentage of
alcohol. The hexameric gp23 structures are more stable at high temperatures. The
decreased stability of the hexameric structure at lower temperatures corresponds well to a
previous study by Bakkes

30

. Gel-filtration chromatography indicated that besides gp23

hexamers also monomers were present at 4 oC. However, at room temperature only
hexamers of gp23 and even a small amount of even higher oligomers could be detected.
This temperature profile is also in agreement with the temperature dependent assembly and
disassembly behavior of the large polyhead 21.
This “negative” temperature effect is unusual as in most cases positive temperature effects
have been reported
146

31-36

. For example, the Cro repressor, a DNA binding protein of
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bacteriophage O, the L7/L12 complex of E. coli, that together with L10 forms the stalk of the
50S ribosome, the DB crystalline, a small heat shock protein (sHsp) that is known to form
large oligomeric complexes, and the Hsp16.3, one sHsp from Mycobacterium tuberculosis
33-36

, all show a reduction in the subunit exchange rate upon lowering the temperature. Only

in a few cases negative temperature effects have been reported

24,37-39

, which are explained

by the contribution of hydrophobic interactions between the subunits in the protein complex.
However, these statements are often based on the identification of hydrophobic interactions
between the subunits in the crystal structure of the protein. Like the gp23 hexamer, the
tetrameric transthyretin complex is destabilized at decreasing temperatures

24

. Similar to our

results the subunit exchange rate increased at lower temperatures. Evidence that the
dissociation of the transthyretin tetramer at low temperature is the result of disrupted
hydrophobic interactions between the subunits was, however, not presented.
In the presence of alcohol, the stability of the gp23 hexamers increased. This indicates that
hydrophobic interactions are not the most prominent interactions between the gp23
subunits, as alcohols are thought to disrupt hydrophobic interactions. So how can this
behavior be explained? Although no high-resolution structure of gp23 is available, the X-ray
structure of the monomer of a related protein, gp24, from the bacteriophage T4 has been
reported

40

. In its active structure gp24 forms a pentamer, which is very similar to that of the

gp5 capsid protein from bacteriophage HK97. Inspection of the gp5 pentamers revealed
extensive interactions of the subunits within the pentamers. Remarkably, a relatively high
number of salt bridges contribute to the subunits interactions. When we calculate the
abundance of charged residues in gp24 this is relatively high as compared to the average
for all proteins, and interestingly the same holds true for gp23.
Whereas salt bridges are generally thought to be of minor importance at room temperature
they could be important at elevated temperatures. A molecular dynamics simulation of a
thermophilic protein showed that increasing temperatures had a negative effect on the
protein-solvent interactions, however the intraprotein interactions were favoured

41

. Both

effects were almost exclusively electrostatic in nature and dominated by contributions due to
charged side chains of the protein, i.e. tightening of salt bridges. Do salt bridges also
contribute to the stabilization of the gp23 hexamers? We observed that in the presence of
methanol the stability of the hexameric structure increases. It is important to realize that the
dielectric constant of methanol is quite different from that of water, 30 versus 80
respectively. According to Coulomb’s law, electrostatic interactions are stronger in solvents
with a lower dielectric constant. So in methanol the electrostatic interactions are higher,
which favors the formation of salt bridges resulting in a stabilization of the oligomeric
structure. This is what we observe upon the addition of methanol i.e stabilization of the gp23
hexamer. So our data suggest that electrostatic interactions are the most dominant
interactions between the gp23 monomers in the hexameric stucture. Next, we showed that
increasing the ionic strength destabilizes the hexameric gp23 structure, which confirms our
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hypothesis. In addition, our data are in agreement with recent reports on other viruses, for
which it has been suggested that electrostatic interactions play an important role in viral
capsid assembly 42,43.

Figure 4. Schematic representation of the effects of temperature, alcohol percentage and ionic strength
have on the subunit exchange time necessary to reach equilibrium between hexameric gp23
complexes. Independent of subunit exchange environment the exchange occurs via monomeric
subunits, as indicated by the showing all the intermediate products at the top of this figure. Upon
increasing temperatures and salt concentration the exchange rate increases.

In conclusion, we used native mass spectrometry to monitor the exchange dynamics of
hexameric gp23, varying the temperature, ionic strength and the percentage of alcohol. Our
results are summarized in Figure 4. The striking behavior observed may be explained by
assuming that electrostatic interactions are the dominant forces in stabilizing the hexameric
gp23 structure. Generally, given that most biological processes involve dynamic protein
complexes, subunit exchange studies combined with stable isotope labeling, like the one
here, using native mass spectrometry, certainly could find a wide application.
Materials and Methods
Protein preparations
The major capsid protein gp23 was expressed from the IPTG inducible plasmid pET2331 in
E.coli strain BL21(DE3), a generous gift from L. Black (University of Maryland, Baltimore,
USA).

15

N labelled gp23 was expressed in medium >98% enriched in

15

N (Martek 9-N,

Spectra Stable Isotopes). Gp23 was co-expressed with gp31, resulting in the formation of
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polyheads. Purification of gp23 polyheads was essentially as described previously

44

. A

slight modification was the dissociation buffer in the last purification step. Polyheads were
dialysed for 4 hrs against 10 mM Tris pH 9.0 at 4 oC followed by centrifugation at high speed
o
(Sorvall, SS-34 rotor, 17,000 rpm) for 40 min at 4 C. The pellet contained most of the

impurities, while the supernatant contained almost exclusively T4 major capsid protein gp23.
Sample preparation for mass spectrometry
To allow mass spectrometric analysis of gp23, the buffer was changed to aqueous 50 mM
ammonium acetate at pH 6.7, by using ultra filtration filters with a cut-off filter of 5000 Da
(Millipore, Bedford). To measure denatured gp23 and the isotopically labelled gp23, the
protein solutions were acidified to pH 2.5. The exchange reactions were performed in
aqueous ammonium acetate solutions of 0.2 M, 0.45 M and 1.0 M, which all had a pH of 6.7.
In one experiment the exchange reaction was monitored in a 50 mM ammonium acetate
solution with a pH of 6.7, in the presence of 15 % (v/v) methanol. Gp23 was sprayed at a
monomer concentration of 5 PM. Mass spectrometric analysis was performed at room
temperature. Exchange reactions were monitored at various temperatures, as indicated in
the text.
Mass Spectrometry
MS measurements were performed in positive ion mode using an electrospray ionization
time-of-flight (ESI-TOF) instrument (LC-T; Micromass, Manchester, U.K.) equipped with a Zspray nano-electrospray ionization source. Needles were made from borosilicate glass
capillaries (Kwik-Fil, World Precision Instruments, Sarasota, FL) on a P-97 puller (Sutter
Instruments, Novato, CA), coated with a thin gold layer by using an Edwards Scancoat
(Edwards Laboratories, Milpitas, CA) six Pirani 501 sputter coater. To produce intact ions in
vacuo from large complexes in solution the ions were cooled by increasing the pressure in
the first two vacuum stages of the mass spectrometer

45-47

. Therefore, source pressure

conditions were raised to a value of approximately 7.5 mbar and the pressure in the
interface region was adjusted by reducing the pumping capacity of the rotary pump by
closing the speedi-valve

47

. Efficient desolvation was needed to sharpen the ion signals and

to withdraw the stoichiometry of the complexes from the mass spectrum. The voltages were
optimized for transmission of the macromolecular protein complexes, the needle voltage
varied between 1300 and 1500V and the sample cone voltage was set at 200V. All spectra
were mass calibrated using an aqueous solution of cesium iodide (50 mg/ml).
Simulation of mass spectra
To resolve the more complex ESI-MS spectra, the software program SOMMS was used. For
a detailed description we refer to

48

. The program takes the putative masses of each species

present in solution. In addition, the possible charge states as well as the m/z values of each
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species are taken. SOMMS determines which charge state is unique for each complex,
thereby discarding the overlapping charge states. Subsequently the programme tries to find
the peaks in the raw mass spectrum corresponding to the unique m/z values and calculates
the charge state distribution using a Gaussian 3-parameter fit. All found distributions with
their parameters are reported back, together with an output file representing the zero charge
spectrum.
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Introduction
Correct protein folding is the foundation for all cellular processes. Often this is not a
spontaneous process; instead various molecular chaperones are required for the correct
folding of a range of different proteins. By binding to unstable substrate proteins chaperones
prevent aggregation and promote the correct fate of the protein in vivo 1. The best-studied
chaperone system is the GroEL-GroES machine from Escherichia coli, which functions in
and ATP dependent manner (Figure 1). The general view is that in vivo the trans-ring of the
GroES-GroES complex, i.e. the ring that is not bound to GroES, is the acceptor state for the
substrate (Figure 1a). Upon subsequent binding of ATP to the trans-ring conformational
changes in the chaperonin complex are promoted (Figure 1b)

2-4

, resulting in an increased

affinity for GroES in the same ring. As a consequence the substrate protein becomes
trapped in the folding cavity, conformational changes cause the dissociation of ADP and
GroES from the opposite ring, allowing the refolded protein from the previous cycle to
escape from the cavity (Figure 1c). During the next round of ATP hydrolysis the newly
entrapped substrate protein has time to fold (Figure 1d), after which the folding cycle repeats
itself.

Figure 1. Model of the functional cycle of the GroEL-GroES chaperonin complex. (a) An unfolded
substrate binds to GroEL. (b) The binding of ATP to this ring increases the affinity for GroES to the
same ring. (c) At the same time GroES dissociates from the cis-ring. (d) A new cis-complex is formed in
5

which the substrate is trapped in the folding cavity. Adapted from .
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Viral intruders, such as bacteriophage O, T4, and T5, hijack this elegant E. coli chaperonin
complex. The T4 phage requires the GroEL chaperonin to fold its major capsid protein,
gp23. However, gp23 requires help in a very special way. Instead of using the host cochaperonin GroES it uses gp31, a co-chaperonin that is encoded by bacteriophage T4 itself
6,7

. So the question arises: why is GroEL in combination with GroES not able to assist in the

folding of gp23? What are the unique properties that gp31 possesses, which makes it
absolutely essential for the folding of the T4 major capsid protein? A comparison of the
crystal structures of GroES and gp31

8,9

in 1997, let to the hypothesis that the size of the

GroEL-gp31 folding cavity might be larger than the GroEL-GroES folding cavity. It took
almost ten years before experimental evidence from cryo-electron microscopy and analysis
of GroEL-gp31 chaperonin assisted folding in vitro became available in support of this
hypothesis

10,11

. But even having this information still many questions remained. So far it is

unclear which interactions between GroEL, gp23 and gp31 are involved, and which
conformations gp23 adopts during folding by the GroEL-gp31 chaperonin complex.
Investigating this system is complicated by the fact that there is no crystal structure for gp23.
Furthermore, it is difficult to study the different steps in the chaperone-assisted folding
pathway, as this is a very dynamic process of a large non-covalent protein complex. At the
start of this project, recent advances in mass spectrometry had allowed the analysis of some
of the larger protein complexes. We set out to use native mass spectrometry to analyze the
GroEL-gp31 chaperonin complex with the aim of obtaining unique information that would
provide further insight into the molecular mechanism by which this folding machine facilitates
the folding of the T4 viral capsid protein. Chapter 1 gives a general introduction to molecular
chaperone assisted protein folding. It describes the folding cycle of the chaperonin complex
in detail and gives information about bacteriophage T4 as well as the folding of the capsid
protein gp23. The second part of the chapter describes the principles and applications of
native mass spectrometry to analyze large multi component protein complexes.
Summary
In chapter 2 the potential of mass spectrometry to study the chaperonin-assisted folding of
the bacteriophage T4 major capsid protein is described. We analyzed the different
macromolecular complexes involved in the refolding of gp23. First, the initial step of the
folding cycle, i.e. the binding of gp23 to the GroEL chaperonin, was analyzed. The generally
accepted view was that the chaperonin complex can only bind one substrate molecule at the
time

12,13

. However we revealed that the GroEL complex could bind up to two non-native

gp23 substrates simultaneously. Yet, upon addition of the co-chaperonin the chaperonin
complex exclusively bound one capsid molecule. This turned out to be the result of distinct
conformational changes that were induced upon binding of either GroES or gp31, which
decreased the affinity of the open GroEL trans-ring for substrates resulting in the release of
the second bound gp23 molecule. Even though both co-chaperonins were able to induce
157

Chapter 7

this effect the result of their association with GroEL was quite different. We showed by using
native mass spectrometry that the GroEL-GroES machine was unable to fold the gp23
capsid protein, while the GroEL-gp31 chaperonin complex was able to facilitate the proper
folding of gp23 into a 336 kDa hexamer. And so we reported for the first time that a
fundamental biological process such as chaperonin-assisted protein folding, which involves
protein complexes ranging in mass approximately up to 1.000.000 Da, could be monitored
using native mass spectrometry. The mass spectrometric analysis provided us with unique
information that so far had not been revealed by any other method and included the
simultaneous binding of two substrate molecules to the chaperonin complex. This
observation was in contrast to the general accepted idea, and encouraged us to further
investigate the substrate binding properties of the chaperonin complex by using a
combination of native mass spectrometry with collision induced dissociation (tandem mass
spectrometry). This is a powerful technique that can be used to dissect protein complexes in
the gas-phase in a sequential fashion to identify the building blocks, and potentially also the
topology of the complex, its quaternary structure and stability. However, to be able to do
these kind of experiments it is required to modify a standard Q-TOF instrument. These
modifications and the extended possibilities of the Q-TOF mass spectrometer for the
investigations of macromolecular protein complex are described in chapter 3. The
modifications allowed the experimental isolation of ions up to 12,800 m/z and the detection
of product ions up to 38,200 Da. We showed that the E.coli GroEL chaperonin is stable in
the gas-phase and that binding of GroES results in unique changes in stoichiometry of the
complex. In addition the data we obtained by applying this method to different
macromolecular complexes, suggest that even in the gas-phase at least part of the complex
structure can be remained. In chapter 4 data on the interaction of two different substrates
with the GroEL chaperonin is presented. We describe that GroEL binds only one molecule of
the model substrate Rubisco, while the capsid protein of bacteriophage T4, a natural GroEL
substrate, can occupy both rings simultaneously. As these substrates are of similar size, the
data indicate that each substrate induces distinct conformational changes in the GroEL
chaperonin. To be able to investigate this aberrant binding behaviour in more detail tandem
mass spectrometry was used. As mentioned above, this approach allows the investigation of
more complex biological samples, and enabled the analysis of the gas-phase stability,
protein complex topology and quaternary structure of the different protein complexes. The
analysis showed that binding of Rubisco to the GroEL oligomer stabilizes the chaperonin
complex significantly, whereas binding of one capsid protein did not have the same effect.
Instead, stabilization of the chaperonin complex was only achieved after binding of the
second gp23 molecule. The data suggests that binding of a single capsid polypeptide does
not induce significant conformational changes in the GroEL trans-ring, unlike Rubisco does.
Hence the unoccupied GroEL ring remains accessible for a second capsid molecule. In
addition the data revealed that the rings of the chaperonin complex can be stabilized in two
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different ways, either by the binding of a substrate, or by distinct conformational changes
that are induced by binding of the substrate in the opposite (cis) ring. We continued our
chaperonin substrate binding study by focusing on the effect of inter-ring communications in
the chaperonin complex in relation to binding properties of different substrates (Chapter 5).
It had been shown that for the productive folding of proteins by the E. coli chaperonin
complex the activity of both rings is required. In addition it was known that communication
between the two rings, which is mainly controlled by ATP binding and hydrolysis, regulates
the affinity for substrates and co-chaperonin. We used GroEL and SR1, a single ring mutant
of GroEL in which inter-ring communication is evidently absent, and four different substrates
to show that whereas SR1 is unable to distinguish between Rubisco, gp23, gp5 and MDH,
GroEL clearly showed a distinct response upon binding of the different substrates. The most
extreme behavior was observed with Rubisco, where the trans-ring could not bind a second
substrate once the cis-ring had been occupied. In contrast, both bacteriophage capsid
proteins (gp23 and gp5) as well as MDH were able to bind to the two GroEL rings
simultaneously. These results indicate that inter-ring communication is not only essential but
allows the chaperonin complex to differentiate between the different substrates. Using
tandem mass spectrometry clear differences between the stability of the chaperonin(substrate) complexes were observed when both rings are present. However, none of the
chaperonin(substrate) complexes showed the ejection of the substrate from the complex,
suggesting that during collision induced dissociation the substrates remained bound inside
the GroEL cavity. Most likely this is only possible if the structure of the chaperonin complex
is retained. In chaper 6 we report on the structural stability of the hexameric gp23 capsid
protein itself, which is the building block for the large phage capsid. During bacteriophage
maturation, 65 amino acids of the N-terminus of gp23 are removed, which induces large
conformational changes and increases the stability of the phage capsid. The dynamic
properties of the uncleaved gp23 hexamers were investigated using electrospray ionization
mass spectrometry in combination with subunit exchange. The exchange reactions between
gp23 hexamers and
o

15

N labeled gp23 hexamers were monitored over a wide temperature

o

range (0 C – 37 C). The analysis revealed that the stability of hexameric gp23 is
temperature dependent, albeit very unusual. Whereas at low temperatures the subunit
exchange reaction is rather fast this decreased at increasing temperatures. We showed that
the addition of methanol increases the stability of the gp23 hexamer while increasing the salt
concentration reduced the stability. This strongly suggests that electrostatic interactions are
dominant in the gp23 hexamer.
Concluding remarks
The aim of this project was to investigate the vital role of the GroEL-gp31 complex in the
folding of the major capsid protein of bacteriophage T4 as well as the characteristics of the
gp23 capsid protein. Although many questions still remain, by using native and tandem
159

Chapter 7

mass spectrometry, and monitoring all the intermediate complexes that are formed during
chaperonin-assisted protein folding in vitro, several novel insights were obtained. The
powerful combination of mass spectrometry and collision induced dissociation revealed new
aspects of the GroEL-substrate binding mechanism that so far had not been elucidated.
However, how gp23 is able to adopt the correct hexameric structure after it is released from
the chaperonin complex, or by what kind of (molecular) mechanism the GroEL chaperonin
complex is able to respond differently to the binding of different substrates is still unclear.
However, this might hold the key to understanding why the folding of the capsid proteins
requires a specialized chaperonin machine. In addition the chaperonin complex and the
hexameric gp23 capsid protein showed to be very interesting and challenging protein
assemblies to study because of their large size of almost 1 million Daltons. We have
demonstrated the great potential of native mass spectrometry as a tool in structural biology.
Not only have we shown that it is possible to elucidate the stoichiometry and dynamics of
protein complexes but also that information about the quaternary structure of
macromolecular assemblies can be obtained. This predicts a very promising future for the
applications of native mass spectrometry in order to obtain a better understanding of the
functioning of large oligomeric protein complexes that are often involved in complicated
fundamental processes in biology.
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Inleiding
Bij alle biologische processen die zich afspelen in de cel zijn eiwitten van essentieel belang.
Hierbij heeft elk eiwit zijn eigen functie, en door het eventueel samenwerken met andere
eiwitten in de cel wordt ervoor gezorgd dat alles goed verloopt. Voordat een eiwit echter zijn
taak kan gaan verrichten is het noodzakelijk dat het de goede driedimensionale (3D)
structuur heeft. Wanneer een eiwit wordt gemaakt is het een lange keten van aminozuren
(de bouwstenen), deze moet zich opvouwen en pas dan is de 3D structuur van een eiwit
bereikt. Dit proces heet eiwitvouwing en is in figuur 1 schematisch weergegeven.

Figuur 1. Het vouwen van een keten aminozuren in een eiwit. Als het goed gevouwen is kan het
eventueel gaan samenwerken met een ander eiwit en taken gaan verrichten voor het goed functioneren
van de cel.

Vaak is het vouwen van een eiwit geen spontaan proces, maar is de hulp van moleculaire
chaperonnes vereist. In het woordenboek is de omschrijving van een chaperonne:
“beschermend begeleider”. En inderdaad zijn moleculaire chaperonnes eiwitten die andere
nog niet goed gevouwen eiwitten beschermen en deze helpen om veilig de goede 3D
structuur te bereiken. Chaperonnes zijn dus ook van groot belang voor de cel. Tijdens het
vouwen van een eiwitten komen namelijk vaak hydrofobe delen aan de oppervlakte. Dit zijn
delen die niet van een waterige omgeving houden en zich daarom graag afschermen. Een
manier hiervoor is samenklonteren. De eiwitaggregaten die hierdoor ontstaan kunnen
levensgevaarlijk zijn, en zijn betrokken bij onder andere de ziekte van Alzheimer, BSE en
Parkinson. Chaperonne eiwitten voorkomen dat aggregatie wordt tegengegaan, door de
hydrofobe delen te herkennen en deze af te schermen. Hiermee wordt dus voorkomen dat
het eiwit direct aggregeert. Tegelijkertijd stimuleren chaperonnes dat de eiwitten om de
goede 3D vorm te bereiken. Er zijn veel verschillende soorten chaperonnes, die elk op een
unieke wijze in het eiwitvouwings-proces kunnen assisteren. Eén van de meest bestudeerde
chaperonnes is het GroEL-GroES systeem uit de Escherichia coli bacterie. Het chaperonne
GroEL vormt twee ringen van elk zeven identieke GroEL eiwitten aan elkaar met in elke ring
een holte. De co-chaperonne GroES vormt ook een ring van zeven identieke GroES
eiwitten, en bindt als een deksel bovenop één van de GroEL ringen, en alleen samen
vormen GroEL en GroES een functioneel chaperonne complex (zie hoofdstuk 7, figuur 1).
Het te vouwen eiwit (ook wel substraat genoemd) bindt aan de binnenkant van een GroEL
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ring. Nadat GroES de ring heeft afgesloten is het substraat afgeschermd van alle andere
eiwitten in de cel en kan het dus niet aggregeren met andere eiwitten. In plaats daarvan kan
het veilig de goede 3D structuur bereiken. Wanneer het GroES dekseltje er weer afgaat kan
het goed gevouwen eiwit vertrekken en zijn functie in de cel gaan vervullen. Het chaperonne
systeem GroEL-GroES begint vervolgens weer aan een nieuwe ronde met een nieuw te
vouwen eiwit.
Natuurlijk is de elegantie van dit systeem niet onopgemerkt gebleven en ook anderen
hebben de bruikbaarheid van het chaperonne complex ontdekt. Wanneer de E. coli bacterie
wordt geïnfecteerd door een virus kan het GroEL-GroES chaperonne systeem worden
ingepikt om enkele virale eiwitten te assisteren bij hun vouwing. Één zo’n virus die dit doet
heet bacteriofaag T4. Deze bacteriofaag bestaat uit tentakels waarmee het zich vastklampt
aan de cel; een staart waarmee het door de celmembraan heen kan prikken; en een hoofd
waarin het genetische materiaal (virus DNA) is opgeslagen. Dit DNA wordt via de staart van
de faag in de cel gebracht, waarna de cel veel nieuwe bacteriofagen gaat maken. Het
belangrijkste eiwit van het hoofd van bacteriofaag T4 is het manteleiwit gp23. Dit eiwit vormt
hexameren, dat wil zeggen dat er zes identieke gp23 eiwitten in één complex. En voor de
correcte vouwing van dit gp23 eiwit gebruikt de faag het chaperonne systeem van de
bacterie, maar dan wel op een speciale wijze. Het gebruikt namelijk alleen het GroEL deel
van de chaperonne, en GroES wordt vervangen door een co-chaperonne van bacteriofaag
T4 zelf, namelijk gp31. Één enkel gp23 eiwit wordt gevangen in de GroEL-gp31 holte en
nadat het afgeschermd van de rest van de cel heeft kunnen vouwen vormt het direct als het
vrijkomt met vijf andere gp23 eiwitten een hexameer. Maar waarom is het nu per se nodig
om te veranderen van dekseltje? Wat heeft gp31 voor eigenschappen die GroES niet heeft,
waardoor het dus niet kan assisteren in de vouwing van dit mantel eiwit? Het zou van groot
belang zijn wanneer de gehele GroEL-gp31 geassisteerde vouwing van het mantel eiwit in
kaart gebracht zou kunnen worden. Want nog steeds is niet bekend hoe dit precies in zijn
werk gaat en hoe het gp23 eiwit opeens hexameren vormt nadat het vrij komt uit het
chaperonne complex. Onderzoek hiernaar wordt aanzienlijk gecompliceerd door de omvang
van dit systeem, het is namelijk een enorm groot eiwitcomplex. In vergelijking met water is
het chaperonne systeem bijna 50.000 keer zo zwaar, 18 Da voor water versus 884,000 Da
voor het GroEL-gp31 complex. (Da staat voor Dalton en is een gewichtsmaat, 1 Da komt
overeen met 1,66·10-27 kg). Verder is het vouwen van een eiwit een heel dynamisch proces,
zo duurt de GroEL-GroES geassisteerde vouwing van een eiwit slechts 10-15 seconden. In
die korte tijd hebben de eiwitten in het chaperonne complex echter wel veel structuur
veranderingen ondergaan.
De technieken die gebruikt worden om dit soort biologische vraagstukken op te lossen zijn
onder andere (eiwit) kristallografie en NMR. Zo geeft de 3D structuur, ook wel
kristalstructuur genoemd, van eiwitten altijd heel veel informatie. Deze wordt bepaald uit een
kristal dat gemaakt is van het eiwit, maar het maken van een eiwit kristal is niet eenvoudig
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en wil vaak ook niet lukken. De NMR methode is gebaseerd op de trilling (resonantie van
atoomkernen) van eiwitten in bepaalde magneetvelden. Elke atoomkern in het eiwit trilt
namelijk op zijn wijze afhankelijk van het magneetveld. Ook hieruit kan vervolgens
informatie over de 3D structuur van het eiwit worden gehaald. De grootte van de te
bestuderen eiwitten met NMR is echter beperkt tot ongeveer 50.000 Da. Een relatief nieuwe
techniek in het veld van de eiwit structuurbiologie is massaspectrometrie, waarbij elk eiwit of
complex wordt gewogen. Massaspectrometrie weegt geladen eiwitten (ionen) in de gasfase.
In de massaspectrometer leggen de ionen een weg af naar de analysator, hier aangekomen
worden de eiwit-ionen opgeslagen in een kamertje. Op een bepaald moment krijgen alle
ionen dezelfde energie mee, en afhankelijk van hoe zwaar de ionen zijn kunnen ze dan
sneller of langzamer vliegen. Aangezien ze allemaal dezelfde afstand af moeten leggen zijn
de lichte ionen veel sneller bij de finish dan de zware. Het bepalen van de exacte massa van
de eiwitten is heel informatief. Hier kunnen we namelijk uit bepalen of het chaperonne
systeem bijvoorbeeld nog een te vouwen eiwit in de holte heeft of niet. Het voordeel van
massaspectrometrie boven de eerder genoemde technieken is dat het niet beperkt wordt
door de grootte van het eiwit. Verder is het ook mogelijk om met deze techniek
veranderingen in de eiwitcomplexen in de tijd (dynamiek) direct waar te nemen. In dit
proefschrift beschrijf ik hoe wij massaspectrometrie hebben gebruikt om het hele
chaperonne systeem, en de eigenschappen van het mantel eiwit gp23 te onderzoeken.
Samenvatting
In hoofdstuk 2 wordt beschreven hoe we erin geslaagd zijn om alle intermediaire
eiwitcomplexen die voorkomen tijdens de vouwing van gp23 met behulp van GroEL-gp31
met massaspectrometrie te analyseren. De eerste stap was het binden van gp23 aan het
GroEL chaperonne. Tot op heden was de algemeen geaccepteerde gedachte dat het dubbel
ring GroEL complex slechts één ontvouwen eiwit tegelijk kon binden. Wij vonden echter dat
er van het mantel eiwit gp23 wel degelijk twee tegelijk konden binden, en wel aan elke ring
één. In de oplossing was namelijk een mengsel, van GroEL dat nog geen gp23 had
gebonden, GroEL met inderdaad maar één gp23 gebonden, en GroEL met twee gp23’s er
aanvast, aanwezig.
Deze bijzondere waarneming inspireerde ons om de substraat bindende eigenschappen van
het chaperonne complex verder te onderzoeken. Dit is gebeurd door gebruik te maken van
tandem massaspectrometrie. Dit zijn eigenlijk twee aan elkaar verbonden massaspectrometers ( zie hoofdstuk 1, figuur 9). Met deze techniek wordt een bepaalde groep eiwit-ionen
geselecteerd aan de hand van hun specifieke massa/lading verhouding, in het eerste
gedeelte van de massaspectrometer. Deze ionen komen vervolgens in een kamertje waar
ze botsen met een ander ion, en in de meeste gevallen is dat argon. Door de botsingen
nemen de eiwit-ionen energie op. Wanneer ze te veel energie bevatten barsten ze als het
ware uit elkaar en valt een onderdeel van het eiwitcomplex er uit (dit heet dissociatie). Om
166

Chapter 8

tandem massaspectrometrie te kunnen doen aan hele grote eiwitcomplexen waren
verschillende aanpassingen aan de massa spectrometer noodzakelijk. Deze zijn beschreven
in hoofdstuk 3. In dit hoofdstuk laten we duidelijk zien dat het nu ook mogelijk is geworden
om zeer ingewikkelde eiwitcomplexen te besturen met massaspectrometrie. Tevens is
informatie over de stabiliteit van de verschillende eiwit-ionen in de gasfase natuurlijk van
groot belang. Verder laten we hier zien dat het ook mogelijk is om de 3D structuur van eiwit
complexen in de gasfase (ten dele) te behouden.
In de hoofdstukken 4 en 5 gebruiken we deze techniek om de substraat bindende
eigenschappen van GroEL verder te bestuderen. In hoofdstuk 4 hebben we het effect van
gp23 binding aan het GroEL chaperonne vergeleken met de effecten van Rubisco binding
aan GroEL. Rubisco is ook een substraat eiwit van GroEL met ongeveer hetzelfde gewicht
als gp23. Terwijl gp23 dus aan beide kanten van het GroEL complex kon binden bleek dit
onmogelijk te zijn voor Rubisco. Rubisco gedroeg zich zoals substraten werden verwacht
zich te gedragen. Het idee was namelijk dat door de binding van het substraat eiwit aan één
van de GroEL ringen en onderlinge communicatie tussen de twee ringen, de lege
tegenovergestelde ring van vorm veranderde. De lege ring zou compacter worden en de
opening van de GroEL ring kleiner, waardoor het binden van een tweede substraat niet
meer mogelijk is. Met tandem massaspectrometrie zijn we erin geslaagd om te laten zien
dat het chaperonne complex echter heel anders reageert op gp23 dan op Rubisco. Terwijl
het GroEL-Rubisco complex niet stuk te krijgen was, viel het GroEL complex met maar één
gp23 eraan heel makkelijk uit elkaar. Daarentegen was het GroEL chaperonne met twee
gp23’s juist wel weer heel stabiel. Door deze resultaten zijn we tot de volgende hypothese
gekomen. GroEL ringen kunnen op twee manieren worden gestabiliseerd, en wel door de
binding van een substraat in de ring, of door het compacter worden als gevolg van het
binden van substraat in de tegenoverliggende ring. In het geval van Rubisco binding zijn dus
beide manieren aanwezig. Bij gp23 is echter alleen stabilisatie door substraat mogelijk,
omdat de lege ring niet compacter wordt. Hierdoor is het dus wel mogelijk dat de tweede
ring nog een gp23 bindt.
In hoofdstuk 5 gaan we nog verder op de substraat afhankelijke reactie van het
chaperonne complex in. Zoals al gezegd kunnen de twee ringen onderling communiceren.
Maar hoe belangrijk is deze communicatie nu eigenlijk als het op het binden van een
substraat eiwit aankomt? Om dit te onderzoeken hebben we gebruikt gemaakt van een
mutant GroEL chaperonne complex, SR1 (single ring mutant 1). Deze mutant bestaat uit
slechts één ring, en logischerwijze is er dus van communicatie geen sprake. We hebben vier
verschillende substraten gebonden aan zowel GroEL als aan SR1, en vonden duidelijke
verschillen. Terwijl SR1 hetzelfde reageerde op alle substraten, was dit niet het geval voor
GroEL. Rubisco bond maar aan één ring, terwijl het mogelijk was om allebei de ringen van
substraat te voorzien met gp23, gp5 en MDH. Gp5 is net als gp23 een mantel eiwit van een
virus maar van bacteriofaag P22, wat ook alleen met behulp van het chaperonne complex
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goed kan vouwen. En ook MDH (Malaat DeHydrogenase) is afhankelijk van het chaperonne
systeem om de goede 3D structuur te bereiken. De grote verschillen in stabiliteit van de
verschillende GroEL(substraat) en SR1(substraat) complexen, suggereert dat het kunnen
communiceren tussen de twee ringen belangrijk is voor het chaperonne systeem om
onderscheid te kunnen maken tussen de verschillende substraten.
Tot slot hebben we in hoofdstuk 6 onderzoek gedaan naar het gp23 hexameer, de
bouwsteen van de mantel van de bacteriofaag. Wanneer een nieuwe faag gemaakt wordt
worden 160 gp23 hexameren met elkaar verbonden om zo de buitenkant (mantel) van het
faag hoofd te vormen. Op een gegeven moment wordt echter een klein stukje van het begin
van elk gp23 eiwit afgeknipt. Hierdoor verandert de structuur van het hexameer complex en
wordt het veel stabieler dan daarvoor. Wij hebben de dynamiek van de hexameren gp23
onderzocht die nog niet zijn geknipt. De dynamiek van dit complex van zes gp23 eiwitten
blijkt afhankelijk te zijn van temperatuur, zout- en alcoholconcentratie. Als de temperatuur of
de alcoholconcentratie omhoog gaat dan neemt de dynamiek van het eiwitcomplex af.
Precies het tegenovergestelde gebeurt bij het verhogen van de zoutconcentratie, dan neemt
de dynamiek van hexameer gp23 toe. Hieruit kunnen wij concluderen dat de interacties
tussen de zes gp23 eiwitten in het hexameer elektrostatisch (geladen) van karakter zijn.
Conclusie
Het doel van dit onderzoek was het GroEL-gp31 chaperonne complex, en de
eigenschappen van het mantel eiwit gp23 te bestuderen met massaspectrometrie. Voor het
eerst is het mogelijk geworden om de hele chaperonne geassisteerde vouwing van een
substraat eiwit te kunnen volgen, met alle daar tussen liggende stappen. De mogelijkheid
die massaspectrometrie biedt om dynamische processen te kunnen volgen is van grote
waarde

voor

verder

structuur

biologisch

onderzoek.

In

combinatie met

tandem

massaspectrometrie zijn we erin geslaagd om substraat bindende eigenschappen van
GroEL te laten zien die tot dusver onbekend waren. Tevens hebben we de hedendaagse
mogelijkheden die de massaspectrometrie biedt op het gebied van de bestudering van grote
complexe eiwitsystemen verder uitgebreid.

168

List of abbreviations
CID

Collision induced dissociation

CRM

Charged residue model

CSD

Charge state distribution

DC

Direct current

DHFR

Human dihydrofolate reductase

DNA

Deoxyribonucleicacid

E. coli

Escherichia coli

ESI

Electrospray ionization

EM

Electron microscopy

HDX

Hydrogen/deuterium exchange

Hoc

Highly antigenic outer capsid protein

Hsp

Heat shock protein

IEM

Ion evaporation model

MALDI

Matrix assisted laser desorption ionization

MDH

Malate dehydrogenase

mRNA

messenger Ribonucleicacid

m/z

Mass to charge

NMR

Nuclear magnetic resonance

PPase

Prohead protease

Q

Quadrupole

RF

Radio frequency

Soc

Small outer capsid protein

TOF

Time-of-flight

TROSY

Transverse relaxation optimized spectroscopy

Ukin

Kinetic energy

VAO

Vanillyl-alcohol oxidase
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