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SUMMARY

Mass spectrometry (MS) is widely used to assess the
binding of small molecules to proteins and their
complexes. In many cases, subtle differences in the
stability afforded by binding of ligands to protein
assemblies cannot be detected by MS. Here we
show that monitoring the unfolding of protein
subunits, using ion mobility-MS, allows differentia-
tion of the effects of ligand binding not normally
observed by MS alone. Using wild-type and
disease-associated variants of tetrameric transthyr-
etin, MS data indicate that populations of the variant
protein are less stable than wild-type. Ion mobility-
MS, however, is able to show that the natural ligand
of transthyretin, thyroxine, provides a larger stability
increase to the tetramer composed of variant
subunits than to the wild-type protein-ligand
complex. Overall, therefore, our results have implica-
tions for small-molecule drug design directed at mul-
tiprotein targets.

INTRODUCTION

The analysis of protein-ligand complexes by mass spectrometry

(MS) has a long history, from the earliest demonstrations of

protein-ligand complexes in which the intensity of ions was

used, in some cases, to correlate binding affinity (Ganem et al.,

1991; Katta and Chait, 1991; Hu and Loo, 1995) through to

more recent applications to multiprotein complexes (McCam-

mon et al., 2002; Kitova et al., 2008). These latter studies were

able to demonstrate the effect of ligand binding on the overall

stability of the protein complex in the gas phase. The addition

of tandem MS to the study of protein-ligand complexes provides

further insight into their stability (Shoemaker et al., 2007).

Tandem MS typically involves activation of a narrow m/z

(mass/charge) region representing the protein complex of

interest, selected using a primary mass filter (e.g., a quadrupole).

Subsequent monitoring of fragment ions can be carried out with

a time-of-flight or other mass analyzer. A common method for

activating ions is collision-induced dissociation (CID), whereby

the selected ions are subjected to collisions with neutral gas

molecules. Protein complex ions activated in this way generally

undergo unimolecular dissociation, and the mechanism of their
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dissociation has been the subject of much research (Felitsyn

et al., 2001, 2002; Jurchen and Williams, 2003; Jurchen et al.,

2004).

There are several mechanistic aspects of gas-phase protein

complex dissociation that have been established. For example,

the predominant fragmentation pathway for most protein

complexes involves expulsion of monomeric protein in a sequen-

tial fashion to give both highly charged subunits and lowly

charged, multiply ‘‘stripped’’ complex ions (Light-Wahl et al.,

1994). Also, experimental and theoretical data indicate that

a degree of protein unfolding precedes dissociation (Felitsyn

et al., 2001, 2002; Jurchen and Williams, 2003; Jurchen et al.,

2004; Ruotolo et al., 2007). A positive correlation has been

proposed between the charges accumulated on the fragment

ions and estimates of their exposed surface area. This indicates

that whereas the charge partitioning that occurs during the

dissociation process is ‘‘asymmetric’’ with respect to mass, it

is symmetric with respect to the surface area of the ion (Benesch

et al., 2006).

In the case of an intact assembly composed of a protein

complex and a small-molecule ligand, minimal activation of the

assembly is often sufficient to dissociate the ligand. This disso-

ciation is generally favored in protein complexes where the

subunits and ligands are maintained by hydrophobic interactions

(Robinson et al., 1996; Loo, 1997), although data indicate that

even this basic rule has exceptions (Bovet et al., 2007). Although

the analysis of the gas-phase structure of protein-ligand

complexes was not the focus of these early reports, recent

developments that involve coupling ion-mobility separation in

tandem with mass spectrometry (IM-MS) enable the gas-phase

structure of protein complexes to be assessed. IM is a technique

that separates gas-phase species by their ability to traverse

a chamber filled with neutral gas molecules under the influence

of a weak electric field (von Helden et al., 1995; Hoaglund-Hyzer

et al., 1999; Jarrold, 2000; Ruotolo et al., 2005). Extended ions

will undergo collisions with neutral gas molecules more

frequently than compact ions, and will thus be separated

according to their overall differences in shape and size by

IM-MS. Using such an approach, it was demonstrated that

many features of protein complex structure are retained in

the absence of bulk solvent (Ruotolo et al., 2005; Ruotolo and

Robinson, 2006).

In a previous study, the influence of collisional activation on the

folded state of tetrameric transthyretin (TTR), a protein impli-

cated in familial amyloid polyneuropathy, showed that increasing

the internal energy of the protein complex resulted in ions that
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Figure 1. Ion Mobility-Mass Spectrometry Data for WT and L55P TTR

(A) Mass spectra of wild-type [12C-14N] TTR and L55P [13C-15N] TTR acquired

at a trap collision voltage of 40 V. Peaks corresponding to 14–16+ charge

states of tetramer, 7–9+ charge states of monomer, and 8+ trimer ions of trans-

thyretin are shown.

(B) A contour plot of m/z versus drift time is shown. A narrow window that

contains only 15+ ions of wild-type (3720 m/z) or L55P (3800 m/z)

TTR tetramer is highlighted on a contour plot of m/z versus drift time (dotted

box). Again, the monomer ion signal is also observed at low m/z. No significant

CCS differences are observed between WT and L55p monomers.
have undergone moderate to extensive unfolding, while main-

taining their tetrameric state (Ruotolo et al., 2007). In addition,

MS studies on TTR have indicated that several point mutations

decrease the overall stability of the gas-phase quaternary struc-

ture of TTR, in agreement with solution-phase data (Nettleton

et al., 1998). Moreover, a previous investigation of small-mole-

cule ligands binding to the TTR tetramer produced a rank order

of 18 ligands and identified cooperativity of binding not reported

previously (McCammon et al., 2002). Such small ligands bind to

the hydrophobic interface of TTR and stabilize the tetrameric

assembly by raising the energetic barrier for dissociation into

monomers (Hammarstrom et al., 2003). Although it is possible

to assess by mass spectrometry when ligands are lost from

protein assemblies, the overall effects on the stability and disso-

ciation pathways of the apo versus holo complexes are not

always apparent.

In this report, we investigate the gas-phase unfolding and

dissociation of ligand-bound TTR and its variant forms by

IM-MS. We employ variants of TTR labeled with stable isotopes
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so that wild-type (WT) TTR can be introduced as a reference

under the same instrument conditions as the variant. We

examine the well-characterized natural hormone thyroxine, for

which TTR functions as a carrier protein in vivo and which has

been shown previously to be effective at inhibiting amyloid fibril

formation (Klabunde et al., 2000). Our experiments allow us to

address the influence of partially ligated states of WT or variant

TTR because the mass differences afforded by isotope labeling

and/or ligand binding enables us to select a single population of

protein complex prior to IM-MS. In this way, we can examine and

differentiate the influence of ligands or mutations on the stability

of TTR without concern for the differential formation, transmis-

sion, and activation of ions.

Our results show that a point mutation in the protein sequence

is effective at decreasing the stability of subunit contacts without

significantly influencing the extent of unfolding. In contrast, the

natural ligand of TTR, thyroxine, acts to suppress unfolding of

each of the subunits significantly, and increases the energy

required to unfold the complex. Together, these data show

that a protein complex can be characterized not only by the

extent of either unfolding or dissociation but also by analyzing

the relationship between these two information sets. This is an

exciting result, demonstrating that MS and IM present orthog-

onal information on the stability of the quaternary and tertiary/

secondary structures of the protein complex, respectively.

Furthermore, in this study, we provide a comprehensive view

of the dissociation of TTR that is particularly relevant for assess-

ing the effects of point mutations and ligand binding.

RESULTS AND DISCUSSION

Measuring both Protein Unfolding
and Dissociation Using IM-MS
To understand the factors that influence the stability of both

quaternary and tertiary structures of transthyretin in the gas

phase, L55P TTR, a variant form of TTR of lower stability than

the WT TTR (Lashuel et al., 1998; Nettleton et al., 1998), was

studied. L55P TTR is a pathogenically aggressive point mutant

known to undergo subunit exchange 10-fold faster than WT

TTR (Lashuel et al., 1998; Keetch et al., 2005). Interestingly,

this occurs despite similar arrangements of subunits and their

interfaces revealed by X-ray crystallography (Sebastiao et al.,

1996). In order to resolve by MS the WT and L55P variant TTR,

and consequently to ensure that both protein complexes experi-

ence the same experimental conditions, we used an L55P TTR

sample uniformly labeled with stable carbon and nitrogen

isotopes and compared it with the wild-type protein containing

isotopes of natural abundance.

A mass spectrum of an equimolar solution of WT [12C-14N]TTR

and L55P [13C-15N]TTR is shown in Figure 1A. A pair of peaks

at 3720 and 3900 m/z correspond to the 15+ charge states

of WT and L55P TTR tetramers, respectively. The mass spec-

trum also shows minor peaks corresponding to 14+ and 16+

charge states of tetrameric TTR. Under the conditions used to

acquire the data (trap collision voltage = 40V), we observe a small

fraction of tetramer dissociating into monomer and trimer

(Figure 1), indicative of collision-induced dissociation of the

TTR tetramer as reported previously (Nettleton et al., 1998).

Monomeric L55P TTR is more abundant than monomeric WT
382–390, April 24, 2009 ª2009 Elsevier Ltd All rights reserved 383
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Figure 2. Dissociation and Unfolding of WT TTR

(A) The complete mass spectrum of the 15+ charge state of wild-type [12C-14N]TTR tetramer ions selected by the quadrupole mass filter (3720 ± 12 m/z). Trap

collision voltage (V) was applied to the ions in the trapping region between the quadrupole mass analyzer and ion-mobility cell. Major peaks from charge state

series corresponding to monomeric and tetrameric TTR are labeled.

(B) The relative intensities of wild-type (filled) and L55P (open) tetrameric TTR, Itet, are shown against trap collision voltage.

(C) The arrival time distributions of the 15+ charge state of WT TTR tetramer acquired at the corresponding trap collision voltage show a transition from compact

to extended ion conformations. The centroid collision cross-sections of peaks are labeled from A to E (A: 2950; B: 3250; C: 3800; D: 4300; E: 4700 Å2).

(D) The relative intensities of the individual peaks calculated from the arrival time distribution of 15+ charge state of tetramer of wild-type (filled) and

L55P TTR (open).
TTR when exposed to the same experimental conditions,

consistent with the observation that its reduced subunit integrity

correlates with amyloidogenicity (Nettleton et al., 1998).

Drift times for the ions were acquired under the same condi-

tions as above and are shown in a plot of drift time versus m/z

(Figure 1B). The plot shows a number of peaks resolved in the

drift time dimension corresponding to the tetrameric charge

state series of WT [12C-14N]TTR and L55P [13C-15N]TTR. At

3720 and 3900 m/z, which correspond to 15+ charge states of

WT and L55P TTR tetramer populations, respectively, we

observe a number of peaks extended over the drift time dimen-

sion. This indicates that the tetramers exist in a range of struc-

tural states at this activation energy (600 eV laboratory-frame

energy). We assign these to partially unfolded states of tetramers

which are stable over the timescale of drift tube separation (30

ms), consistent with long-lived intermediates produced from

the activated 15+ charge state of TTR tetramer (Ruotolo et al.,

2007). At this point, even though tetramers are present in a broad

range of structural states the ions are largely intact, indicated by
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the observation that <10% of the total ion current is carried by

fragment ions. Therefore, taking the mass spectrum and contour

plot together, we can monitor not only the conversion from tetra-

meric into monomeric and trimeric dissociation products but

also their conversion from folded into unfolded tetramer ions.

An Amyloidogenic Variant Dissociates More Readily
In order to investigate the stability of WT and L55P TTR over

a wide range of activating conditions, we obtained IM-MS data

for a solution containing both WT and L55P TTR across a range

of trap collision voltages and examined their conversion from

tetrameric/folded states to dissociated/unfolded states, respec-

tively. The dissociation of TTR tetramer is demonstrated from

mass spectra of the 15+ charge state of WT tetrameric TTR

acquired over a range of trap collision voltages (Figure 2A).

Similar mass spectra were recorded for L55P TTR (data not

shown). Using a low trap collision voltage, the original tetramer

population is intact along with a small amount of ion current cor-

responding to the 14+ tetramer. This ion population is the result
Ltd All rights reserved
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of charge stripping, a facile decay pathway for large protein

complexes that has been reported previously (Jurchen and Wil-

liams, 2003). Increasing the trap collision voltage results in the

formation of monomer and trimer (trimer not shown). We also

observe the appearance of a minor signal corresponding to

16+ charge state of tetramer due to loss of negatively charged

counterions from 15+ charge state of tetramers (Sobott and

Robinson, 2004). The intensity of tetramer and monomer allows

us to estimate the conversion from tetrameric to monomeric

states of TTR.

To compare the gas-phase stabilities of the WT and variant

TTR populations, we monitored the dissociation of the tetramer

as a function of trap collision voltage by MS. From these MS

data, the intensity of the peaks corresponding to TTR relative

to those of monomeric transthyretin was calculated and is

defined as Itet. We then constructed a plot of Itet versus the

trap collision voltage for the 15+ charge state of tetrameric WT

and L55P TTR (Figure 2B). From this plot, we deduce that

L55P TTR dissociates to a greater degree relative to WT TTR,

with a maximum difference in the intensity of WT and L55P

TTR tetramers observed at trap collision voltages below 45 V.

The difference between WT and L55P tetramers decreases

with elevated trap collision voltage and becomes insignificant

beyond 50 V. The results presented clearly show that the conver-

sion from tetramer to monomer of L55P TTR is consistently

greater than the analogous dissociation pathway of WT TTR.

A Common Unfolding Pathway for Transthyretin
and Its Disease-Associated Variants
The arrival time distribution acquired for the 15+ charge state of

tetrameric WT TTR using low trap collision voltage shows

a narrow peak that corresponds well to the collision cross-

section (CCS) calculated for a compact TTR tetramer (�2950 Å2).

As the trap collision voltage is increased, a number of broad but

discrete peaks increase in intensity at longer drift times

(Figure 2C). We assign these peaks to unfolded states of the

TTR tetramer as reported previously (Ruotolo et al., 2007). For

the purpose of this study, we have arbitrarily labeled these as

different conformational ensembles A–E in order of their

increasing CCS values. The intensity of the peak that corre-

sponds to the compact tetramer (A) (2950 Å2) begins to decrease

beyond a trap collision voltage of 36 V, B becomes prevalent

(3250 Å2), followed by C (3800 Å2) and D (4300 Å2) at 44–52 V.

At 60 V, the most extended tetramer, E (4700 Å2), is the major

conformational ensemble observed. No further changes in the

arrival time distribution are observed beyond 60 V, and only

a small population of the intact tetramer can be observed in

the mass spectrum (Figure 2A). The width of peak E is consider-

ably broader relative to the other peaks, suggesting that a larger

number of disparate conformations populate peak E compared

with peaks A–D. We observed similar arrival time distributions

with conformational ensembles of similar size from L55P TTR

(see Supplemental Data available online).

To compare the gas-phase unfolding of the WT and L55P

tetramers, the relative intensities of the five different conforma-

tional ensembles were plotted for each trap collision voltage

value (Figure 2D). For both proteins, the conformational

ensemble B is produced to a maximum level at 36 V whereas

the intensities of partially unfolded ensembles C and D rise in
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abundance concurrently until 42 V, after which D is more abun-

dant. The most unfolded tetramer ensemble, E, is not accessed

until the compact states in A account for less than 5% of the total

ion current. Taking the arrival time and the intensity plot together,

we show that activated WT or L55P TTR tetramers generate

unfolded populations of nearly identical CCS upon activation in

the gas phase. In order to see whether these conformational

ensembles are conserved across other variants of TTR, we

studied TTR with point mutations that either stabilize (T119M)

or destabilize (V30M) the TTR tetramer. Using the same

approach described above for L55P TTR, we compared the

stability of the variant with respect to the wild-type protein. Inter-

estingly, IM-MS data for these variants are similar to both the WT

and L55P data shown in Figure 2D (Supplemental Data). Overall,

these data show that point mutations have little effect on the

unfolded ensembles observed in the gas phase for TTR.

Comparing the effects of activation on both the gas-phase

dissociation and unfolding of tetrameric TTR highlights the

orthogonal nature of MS and IM data sets. IM data chart the

nearly identical unfolding for the two complexes. In contrast,

MS data indicate a significant difference between the stability

of WT and L55P TTR. Therefore, these data together imply that

WT and L55P tetramer form dissociation products via different

routes. For example, the folded WT tetramer population must

decrease to �50% intensity for significant dissociation to occur.

In contrast, dissociation of a subunit from the L55P tetramer

occurs while the folded population constitutes a significantly

larger proportion of tetrameric TTR (�80%). This line of analysis

implies that the monomers ejected from L55P tetramers are,

initially, more folded on average than those from WT tetramers,

and further implies that the intersubunit interactions in the

L55P tetramer are weaker than those within WT TTR.

Small-Molecule Ligand Binding to TTR Delays Unfolding
To study the influence of small-molecule ligand binding on the

unfolding and dissociation of the tetrameric assembly in the

gas phase, we analyzed a solution of WT TTR with its natural

ligand thyroxine at a concentration of 3.24 mM ligand in 3.6 mM

TTR tetramer solution. TTR tetramers exist in three different

binding states in solution under these conditions: unbound

(apo-TTR), singly ligated (TTR-L), and doubly ligated (TTR-L2),

at the ratio 35%:40%:25% determined from the dissociation

constant measured in solution (Nilsson et al., 1975; Blake

et al., 1978). A mass spectrum for the WT TTR-ligand complex

acquired under conditions that maintain interaction with ligands

(low trap collision voltage) is shown (Figure 3A). A set of triplet

peaks are observed for each of the charge states 11+ to 16+

attributed to tetrameric apo-TTR, TTR-L, and TTR-L2 (inset

shows an expansion of the 15+ charge state). The relative inten-

sity of peaks representing the three TTR complexes is in close

agreement with predictions from dissociation constants in solu-

tion. IM data show only a single narrow distribution of tetramer

ions for all charge states at low trap collision voltage

(Figure 3B). These narrow arrival time distributions indicate that

TTR-L and TTR-L2 are retained as compact protein-ligand

assemblies in the gas phase.

The stability of an individual apo or ligand-bound state of the

tetramer was assessed by selecting a narrow m/z range in the

quadrupole mass filter, corresponding to either apo-TTR or
, 382–390, April 24, 2009 ª2009 Elsevier Ltd All rights reserved 385
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Figure 3. Mass Spectra of WT TTR with Thyroxine

(A) Mass spectra of WT TTR with thyroxine under nonactivating instrument

conditions (trap collision voltage = 30 V) shows a distribution of a triplet of peaks

corresponding to 11–16+ charge states of apo-tetramer, and holo-tetramer

with one and two ligands. Inset: a close-up of 15+ charge states of apo- and

holo-TTR tetramers with dotted lines on the centroids of peaks chosen for

mass selection experiments (3720, 3775, and 3825 m/z, respectively).

(B) Ion mobility-mass spectrometry data of the tetramer shows a narrow distri-

bution of drift time for all apo and TTR-ligand complexes.
TTR-L or TTR-L2. The resulting ion population was then sub-

jected to IM-MS analysis, and the arrival time distributions re-

corded for the 15+ charge state of each ligand-bound state of

the tetramer are shown (Figure 4A). A compact protein-ligand

assembly is seen for all binding states. When activated, the

arrival time distributions of apo-TTR, TTR-L, and TTR-L2

complexes all show additional peaks at longer drift times

(Figure 4B). We note that, at fixed trap collision voltages, the rela-

tive abundance of the most compact conformational ensemble A

from TTR-L or TTR-L2 is significantly increased compared to that

of apo-TTR. There is, however, a clear reduction in the relative

intensity of the partially unfolded tetramers C and D when ligand

is bound.

An in-depth analysis, involving the generation of contour plots

of trap collision voltage against the observed drift time of apo-

TTR and TTR-L2, reveals several subtle differences between

the two protein complexes (Figures 4C and 4D). These plots

can be viewed as an IM-MS ‘‘fingerprint’’ for a specific protein

complex. Upon comparison, both the drift time and the order

of the five major peaks observed are conserved between the
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apo and holo forms of the complex. This indicates that a similar

unfolding pathway exists that is independent of ligand binding.

The primary difference between the two contour plots is,

however, that each conformational ensemble appears at higher

voltage values for TTR-L2 relative to apo-TTR. This shift, as

discussed in the next section, is of primary importance, and

conveys information on the stability conferred to the tetramer

upon ligand binding that is not present in MS data alone. There

are also some intriguing minor differences that can be observed

upon comparing Figures 4C and 4D. The boxed region shows

that the breadth of the features are elongated in the TTR-L2

plot (Figure 4D) when compared to the TTR plot (Figure 4C).

This difference is assigned to structural transitions that occur

upon activation of TTR-L2 that occur to a lesser extent in apo-

TTR. Comparison of the data from holo and apo states of TTR

may also confer a detailed picture of how ligands provide

stability to the protein assembly that has yet to be fully under-

stood. For example, the data in Figures 4C and 4D indicate

that ligand binding can stabilize not only the most compact

conformational ensemble but also other partially folded struc-

tures. This observation may imply that ligand binding does not

require an optimal binding pocket in order to form hydrophobic

contacts. Significantly, the data demonstrate the sensitivity of

this IM-MS fingerprinting to subtle changes in unfolding of a

multiprotein complex.

Decoupling Unfolding from Dissociation
In order to determine quantitatively the stability afforded to the

TTR tetramer as a result of ligand binding, a simplified descriptor

of tetramer unfolding was calculated as a fraction of the folded

tetramer A over the sum of all conformational ensembles A–E,

termed If to denote the intensity of the folded state. In addition,

the proportion of intact tetramers versus monomers was esti-

mated from the tandem MS spectra for the same range of trap

collision voltages, and termed Itet as defined previously.

A plot of If and Itet for 15+ charge state of WT TTR in three

different ligand-binding states as a function of trap collision

voltage is shown (Figure 5A). Both If and Itet follow typical decay

curves as a function of the activating voltage. We note that, as

anticipated, If decreases prior to Itet in all binding states of the

wild-type protein. Ligand binding, however, causes a small shift

of If toward higher voltages without changing the rate of decay.

If is also energetically well separated from Itet, implying that

dissociation occurs after significant unfolding on the tetramer

in the gas phase. In contrast, the analogous data set for L55P

TTR shows that Itet initially decreases more rapidly at low activa-

tion voltages, at which point Itet and If are of comparable intensity

(Figure 5B). As a result of this earlier onset of dissociation, Itet is

reduced at lower activating voltage for L55P when compared to

WT TTR. Interestingly, ligand binding does not influence the

onset of decay for Itet. This is likely due to weaker protein-ligand

interactions in the TTR-ligand complex compared with the

protein-protein interactions between subunits. Importantly,

however, ligand binding to the L55P tetramer shifts the decay

curve of If significantly, implying that a greater degree of folding

is maintained by ligand binding to L55P than to WT TTR.

This result is further illustrated by a comparison of the dissoci-

ation energy at which the intensity of folded tetramer or the pop-

ulation of tetrameric TTR reduces to 50% (Figure 5C). Whereas
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Figure 4. Ion-Mobility Data of WT TTR with Thyroxine

Arrival time distributions of 15+ apo-TTR tetramer (TTR), holo-tetramer with one (TTR-L) and two ligands (TTR-L2) ions at trap collision voltages of 30 V (A) and 40 V

(B) are shown. Tetramer-ligand complexes from Figure 3 were selected at quadrupole mass filter and activated prior to separation in the ion mobility cell. The

centroids of peaks are labeled. A voltage ramp experiment at the transfer region prior to IM-MS is represented as a contour plot of arrival time distribution against

trap collision voltage ([C] and [D], TTR and TTR-L2, respectively). Compact and partially unfolded tetramer A and B are highlighted (white box) showing an

extended population of ligand-bound tetramers across a larger range of collision voltages.
the apo form of either WT or L55P TTR tetramer requires similar

energy to unfold, IM data recorded for WT TTR indicate that the

onset of unfolding gradually increases upon successive ligand-

binding events. The energy required for dissociation for WT

TTR measured by MS remains unaffected within an experimental

error of ±5 eV (Figure 5C). Similar trends are observed for L55P

TTR. However, in this case, the occupancy of binding sites in

L55P TTR protects the protein from unfolding at higher activation

energies than in the case of WT TTR. This observation is further

confirmed by a steeper slope for the positive correlation between

50% unfolding yield and the number of ligands bound to L55P

TTR (23.8 eV per addition of a ligand) when compared with WT

TTR (11.2 eV per addition of a ligand). These results together

establish that although dissociation is not affected by single-

site mutation alone in this protein system, ligand binding exerts

a greater influence on the unfolding of the variant compared to

the wild-type protein.

Our measurements reveal that L55P has an unstable quater-

nary arrangement relative to WT TTR whereas the stability of

tertiary and secondary structural elements is similar in both WT

and L55P TTR, in the absence of ligands. This is in agreement

with previous MS studies of amyloidogenic variants of TTR (Net-

tleton et al., 1998). The stability of tertiary structures in different

variants of TTR has not been studied previously by MS, but

unfolding of pathogenic variants of TTR by GdnHCl (guanidine

hydrochloride) has indicated that a complicated denaturation

pathway exists for L55P (Hurshman Babbes et al., 2008). In addi-

tion, we observe that ligand binding affords different stabilities to

variant and WT TTR. It is established crystallographically that

ligands bind to TTR in the central channel and hydrogen bond
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with Lys15 and Glu54. This results in a more compact TTR-ligand

complex compared to apo-TTR (Wojtczak et al., 1996) and is

consistent with previous observations that L55P TTR upon

ligand binding decreases in size to a greater extent than WT

TTR (Morais-de-Sa et al., 2006). Although this subtle compaction

was not observed in our experiments, our results provide direct

evidence for the enhanced stability of the holo-TTR complex

afforded by ligand binding. It is likely that the relative instability

of the variant tetramer complex allows the unfolding reaction

to proceed at lower energies compared with the WT complex.

Consequently, the unfolding reaction for the variant TTR

proceeds more slowly, allowing observation of partially unfolded

intermediates not apparent in the WT unfolding (Baer and Mayer,

1997). Overall, therefore, our data highlight the ability of IM-MS

to distinguish clearly the disruption of tertiary elements from

the dissociation of the tetrameric assembly.

The differential influence of ligands on variant and WT TTR is

illustrated schematically using data acquired for TTR-L2 forms of

WT and L55P TTR (Figure 6). The scheme describes the prefer-

ence of the TTR tetramer to unfold or dissociate upon activation.

Also shown are dissociative products from a given state of the

unfolded tetramer. We cannot define explicitly the structures

of these unfolded conformational ensembles, but we have

limited unfolding pathways to that of a single monomer in the

light of previous experimental results (Ruotolo et al., 2007). For

WT TTR, the intact tetramer-ligand assembly begins to unfold

as the assembly is activated. Significant unfolding of the

tetramer precedes dissociation. In contrast, the dissociation of

L55P TTR does not require significant unfolding of monomeric

units prior to dissociation, and thus ejection of a monomer
, 382–390, April 24, 2009 ª2009 Elsevier Ltd All rights reserved 387
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occurs at lower-accelerating voltages than the analogous reaction

in the WT protein. We propose that this difference is due to the

weaker protein-protein contacts in L55P compared to WT TTR,

leading to greater dissociation, whereas the unfolding within indi-

vidual subunits is similar to that shown previously (Ruotolo et al.,

2007). Taken together, the data presented here demonstrate

how IM-MS can provide an information set capable of describing

the stability of multiprotein complexes in a detailed way.

Figure 5. Elucidating the Extent of Unfolding and Dissociation

from IM-MS

Plots of If and Itet across a range of activation voltages for 15+ charge states of

WT (A) andL55p (B)TTR.A plotof the50%dissociationyield (gray) andunfolding

yield (white) for wild-type and L55P TTR tetramers is reported within ± 1 SD (C).

The average experimental error on the laboratory-frame energy axis is�±5 eV.
388 Chemistry & Biology 16, 382–390, April 24, 2009 ª2009 Elsevier
Figure 6. Schematic Representation of Unfolding and Dissociation

Pathway for WT and L55P TTR in Complex with Ligands

The vertical axis represents the extent of unfolding of an initially compact

tetramer, and the horizontal axis represents the extent of dissociation (i.e.,

the inverse of % intact tetramer surviving after activation). Activation results

in gradual unfolding of the tetramer. This leads to an expulsion of significantly

unfolded subunits in the case of WT TTR tetramers, or to a greater range of

partially unfolded monomers in the case of L55P TTR. Illustrative representa-

tions of the dissociation products generated from a given state of unfolded

tetramer-ligand complex are located on the unfolding/dissociation trajectory

shown for each tetramer (circles).
SIGNIFICANCE

In this report, we studied TTR and its disease-associated

variants in complex with its natural ligand, thyroxine. Using

IM-MS, we show that IM can provide a complementary

data set to MS for ligand-binding experiments. By isolating

and activating different ligated states, we have shown that

TTR uniformly unfolds into at least five different structural

ensembles that are stable on a millisecond timescale. The

ability to detect these structural ensembles is seemingly

unaffected by point mutation or ligand binding, allowing us

to construct a robust IM-MS unfolding ‘‘fingerprint’’ for

TTR. We propose that this fingerprint concept may be trans-

lated to other protein assemblies and used as a general

approach to ascertain the relative stability afforded to

a protein as a consequence of ligand binding.

Furthermore, our IM-MS data show that the unfolding of

TTR can be decoupled from the dissociation of the tetramer.

The more amyloidogenic variant of TTR, L55P, dissociates,

having undergone less unfolding relative to WT TTR. We

also demonstrate that individual ligand-binding stoichiome-

tries of TTR can be isolated from a mixture of ligand-bound

states and interrogated independently. Our results show

that TTR is stabilized in an additive manner with successive

ligand binding. In addition, the L55P variant TTR was more

resistant to unfolding as a result of ligand binding than

WT TTR. With the ability to interrogate an individual ligated

state of a multiprotein complex, IM-MS provides an unprec-

edented opportunity for studying a heterogeneous system

possessing multiple binding stoichiometries for ligands.

Together with data from other complementary techniques
Ltd All rights reserved
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tion. Drift time was converted into collision cross-sections using known values

for partially unfolded structures for the 15+ charge state of the transthyretin

tetramer and other proteins of known cross-sections (Ruotolo et al., 2007).

The collision cross-sections of additional unfolded species, arising from the

TTR-ligand complexes, were estimated from calibration with ions of known

cross-sections (Ruotolo et al., 2008). The relative abundance of 15+ charge

state of tetramer (Itet) was calculated as a percentage of the total intensity of

the peaks in the mass spectra assigned to 15+ charge state of tetrameric

transthyretin and 6+ through 9+ charge state of monomeric transthyretin. In

the case of TTR-L1, which dissociates into monomers and trimers while losing

its ligand and converting to the apo form (TTR), all tetrameric MS signal inten-

sity was combined to estimate the extent of tetrameric ion signal. The relative

abundance of the compact 15+ charge state of tetrameric transthyretin sepa-

rated by ion-mobility cell (If) was calculated as a percentage of the total inten-

sity of the peaks in the arrival time distribution:

Itetð%Þ= Itet

Itet + Im on
3 100

If ð%Þ= IfoldedP
Iconformers

3 100
:

The magnitude of laboratory-frame energy applied to accelerate TTR

tetramer ions was estimated by multiplying the trap collision voltage by the

number of charges on the ion (Laskin and Futrell, 2005).

SUPPLEMENTAL DATA

Supplemental Data include three figures, one table, and Supplemental Exper-

imental Procedures and can be found with this article online at http://www.cell.

com/chemistry-biology/supplemental/S1074-5521(09)00074-X.
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