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Abstract Understanding protein tertiary and quaternary
structures is crucial to a better understanding of their bio-
logical functions. Here we illustrate for tryptophan synthase
that tandem mass spectrometry (MS/MS) reveals not only
protein subunit architectures, but also protein unfolding
behavior when coupled with ion mobility (IM). In the pres-
ent study, we verified the subunit arrangement with surface
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induced dissociation (SID). We are able to correlate exper-
imental results by IM with those obtained in unfolding
simulations for the hetero-tetramer Tryptophan Synthase
(TS) protein complex by identifying the presence of at least
three stable intermediates (I;, I, and I3) during the
unfolding process in collision induced dissociation (CID).
We illustrate that the unfolding of the TS complex is likely
due to the initial unfolding of an a«-monomer subunit,
followed by the unfolding of the second x-monomers. We
also illustrate the ability of this combination of techniques to
not only identify conformational changes of TS upon addi-
tion of D,L-x-glycerol phosphate (GP), but also to deter-
mine the location of the ligand, which is buried within the
«-monomer of the TS.

Keywords Trytophan synthase - Ligand binding - Protein
unfolding - Conformational change - Surface induced
dissociation - lon mobility

Introduction

Tryptophan Synthase (TS) is a hetero-tetrameric bienzyme
complex (o, [3;), comprised of two o and two 3 subunits that
catalyzes the final two steps in the biosynthesis of L-tryptophan
[44,51]. The two {3 subunits (molecular weight=43 kDa each)
exist as a dimer, with the two o subunits (molecular weight=
29 kDa each) flanking the (3, dimer. Hence, the quaternary
structure of TS has an extended, nearly linear o33 subunit
arrangement [30]. In the first step of the biosynthesis of
L-tryptophan, indole-3-glycerol phosphate (IGP) is cleaved to
produce glyceraldehyde 3-phosphate (G3P) and indole at the
active site of the « subunit [53]. Indole is then transferred to the
B active site via a 25 A channel located along the inside of 3
subunit [43,51,59], where it reacts with L-serine in a pyridoxal
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5'-phosphate (PLP)-dependent reaction to produce L-
tryptophan [53]. Fluorescence, X-ray crystallography and
enzyme-linked immunosorbent assay (ELISA) studies have
shown that the presence of these ligands result in conforma-
tional changes of TS [13,15,44].

TS belongs to a ubiquitous class of proteins known as the
Triosephosphate Isomerase (TIM) enzymes [54]. Generally,
proteins must adopt a specific folded three-dimensional struc-
ture in order to be biologically active [12] and all proteins
belonging to the TIM class show no exception to this rule. TIM
enzymes all have a TIM barrel fold, which is comprised of
eight repeating folds with each consisting of one x-helix and
one (3-strand, such that eight parallel (3-strands on the inside
are covered by eight «-helices on the outside [65]. A search of
the Protein Data Bank indicates that the TIM barrel fold is the
most common scaffold [65] and understanding this fold has
been the topic of extensive research [8,17,18,65]. It should also
be noted that extensive research has not been limited to the
TIM barrel protein fold, but protein folding in general
[12,24,26,42,46,62]. The kinetic process of a protein folding
into its native state is not random [37]; it is believed that protein
folding occurs from the fully unfolded state to the native state
via a number of kinetic intermediates [34]. The formation of
one or several highly populated stable unfolded intermediates
is characteristic of the TIM class of proteins [54]. This stability
is due to the fact that segments of the (o/f3)g multi-domain can
unfold through a stepwise process [12], with certain domains
unfolding individually [50], either independently or with vary-
ing degrees of interactions between them [9,25]. An evaluation
of protein folding studies has shown that these intermediates
can be identified using two approaches [11]. The first involves
monitoring the kinetic intermediates formed during both fold-
ing and unfolding, as the folding pathway is not necessarily the
reverse of the unfolding pathway. The second involves char-
acterizing the thermodynamically stable intermediates formed
during unfolding initiated by employing denaturing conditions
[11]. Many studies have employed both approaches to deter-
mine the intermediates present in TS. In one such study,
refolding of the urea-denatured -subunit of TS («-TS) was
monitored by pulse-quench hydrogen exchange mass spec-
trometry [67]. Not only did this study reveal the presence of
multiple intermediates, but it also showed that the thermody-
namic stability and kinetic accessibility of one of the interme-
diates favors a folding pathway in which the intermediate is an
obligatory species in the folding of «-TS [67].

The ability to study proteins in the gas-phase has been
made possible by the development of electrospray ionization
(ESI) [19], which allows for the charging of intact proteins, as
they are transferred from solution-phase into the gas-phase
[48]. With the advent of nanoelectrospray ionization (nano-
ESI) [66], which generates smaller droplets, thereby resulting
in less disruption to non-covalent interactions, mass spectrom-
etry (MS) analysis has been extended to protein complexes
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[27]. Within recent years native mass spectrometry has
emerged as a vital tool in studying protein structural assem-
blies. Native mass spectrometry allows for the investigation of
intact protein complexes with high sensitivity and a theoreti-
cally unrestricted mass range [27]. Although MS only pro-
vides low-resolution structural data such as oligomeric state,
its major advantage over other tools such as nuclear magnetic
resonance (NMR) and X-Ray crystallography is that MS is
capable of interrogating samples at low concentrations and in
mixtures in real time [12,29,61]. The reason MS is such a
promising tool for the analysis of protein complexes is due to
the ability to simultaneously detect multiple populations of
protein assemblies [61]. A recent investigation illustrates this
fact - the researchers employed nano-ESI MS, together with
an automated mass spectrum analysis algorithm, to study the
resulting architecture and interaction formed between small
Heat Shock Proteins (sHSP) and their target proteins [63].

Despite the capabilities of MS in determining the stoichi-
ometry of intact protein complexes [28], the determination of
spatial relationships between constituent subunits in a protein
complex is significantly more challenging [14]. One common
approach to determining protein complex topology is the
partial or complete dissociation of non-covalent complexes
in solution, into their individual subunits via adjustment of pH
or ionic strength [38]. Alternatively, the use of tandem-mass
spectrometry (MS/MS) allows for dissociation of protein
complexes in the gas-phase [14]. The most common activa-
tion method used in tandem MS is collision-induced dissoci-
ation (CID). In low-energy CID, the complex undergoes a
multitude of collisions with neutral gas atoms or molecules,
which typically results in restructuring of the complex,
unfolding of a monomer and subsequent dissociation to give
a highly charged monomer and its complementary low charge
state (n-1)-mer product ion [4,5]- although a few exceptions
have been reported [16,64]. As a result, CID often provides
limited information regarding the subunit arrangement of
protein complexes. An alternative activation method is
surface-induced dissociation (SID), in which ions collide into
a surface target often composed of a fluorinated alkanethiol
self-assembled monolayer [32]. In SID, the product ions are
characterized by a more charge-symmetric behavior, where
charge is proportionally distributed among product ions based
on their mass [3,32,68]. The lower-charged SID product ions
are more compact than the highly charged CID product ions
[69]. Consequently, SID offers a better means of identifying
subunit arrangement in protein complexes. This has been
shown in a previous study from our group on a heterohexamer
complex, toyocamycin nitrile hydratase (TNH). In that study,
it was illustrated that SID of TNH produces constituent o3y
trimers, which are believed to arise due to the fact that SID is a
high-energy, fast deposition process [6], allowing the struc-
turally informative faster cleavage pathway to outcompete the
slower monomer unfolding dissociation pathway.
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While a lower charged product ion may be indicative of a
subunit being more compact, the limitation of m/z informa-
tion in isolation is that one can only speculate on conforma-
tion of the proteins based on charge state. A recent addition
to native mass spectrometry is ion mobility (IM), which
gives information about shape and conformation of protein
complexes and addresses the limitation of isolated m/z in-
formation [39,55,56]. Native MS combined with IM not
only allows for the determination of subunit composition
and protein complex topology [55,56,58], but also can be
used to study subunit unfolding in protein complexes
[21,22,57]. Integrating experimentally measured collisional
cross section (CCS) with CCSs calculated for structures
proposed by molecular modeling also enhances the ability
of native MS coupled with IM to determine the architecture
of protein complexes [49].

Results reported in literature that were based on investi-
gation of the «-TS subunit with a variety of tools such as
Hydrogen-Deuterium Exchange (HDX) MS [54], x-ray
crystallography [53], equilibrium simulations [20], optical
spectroscopy [44] and urea-gradient gel electrophoresis [40]
provided useful context for this present work, which is a
three-part IM-MS/MS investigation of the x,(3, tetrameric
TS complex. In the first part of this present investigation, the
topology of TS was investigated by selecting the tetrameric
complex and subsequently activating it via SID. Secondly,
CID activation was coupled to IM to monitor the CCS of the
tetrameric complex to ascertain the number of intermediates
present during the unfolding process. In the final part of this
study, D,L-a-glycerol phosphate (GP) cofactor was added
to the complex and a conformational change was deter-
mined by monitoring the CCS of the tetrameric complex.
The complex, with ligand present, was then activated via
CID and SID as a means of not only characterizing the
o-monomer ions produced by both methods, but also to
determine whether GP was present in the active site of
the o-monomer.

Experimental methods

Tryptophan Synthase was purchased from Sigma-Aldrich
(St. Louis, MO, U.S.A.). To achieve native TS complexes,
sample as purchased was diluted to a concentration of
100 uM (because of the high K4 of TS), except when the
spontaneous dissociation of tetrameric TS to produce “na-
tive-like” trimer was encouraged by diluting native TS to a
concentration of 25 uM. Subsequently, the protein samples
were buffer exchanged into 100 mM ammonium acetate
buffer (pH=7.8) with size exclusion chromatography spin
columns (Bio-Rad, Hercules, CA, U.S.A.). In a few of the
experiments, a solution of 100 mM triethylammonium ace-
tate (TEAA) was added to native TS protein samples to

produce charge reduced TS. In the ligand-mediated confor-
mational study, L-Serine was added to a 100 uM TS sample
(control) and L-Serine and D,L-x-glycerol phosphate (GP)
were added to a 100 uM TS sample (ligand-bound TS),
followed by buffer exchange using the same conditions as
mentioned before. The concentrations of L-Serine and GP
used were 20 mM and 40 mM respectively, which were the
limits before ion suppression occurred.

Mass spectrometry analysis was carried out utilizing a
modified Quadrupole-Ion Mobility-Time of Flight (Q-IM-
TOF) instrument (Synapt G2, Waters Corporation,
Manchester, UK) with a customized SID device installed
before the IM chamber [69]. Operation of the instrument in
this set-up has been previously described [69]. In all exper-
iments, a capillary voltage of 1.0-1.5 kV and a cone voltage
of 50 V were employed in nanoelectrospray. No heating was
applied to the cone. Procedures of nano-ESI glass capillary
and surface preparation can be found elsewhere [23]. Instru-
mental conditions used were 5 mbar for the source/backing
pressure, 2 mbar for nitrogen gas pressure in the IM cell,
120 mLmin"' gas flow into the helium cell, ~6x 10~ mbar
in the TOF analyzer, and a wave velocity and height of
200 ms ' and 20 V respectively for IM. Travelling wave
(T-wave) IM experiments reported in literature have illus-
trated that optimization of instrumental parameters and cal-
ibration standards are crucial for obtaining accurate T-wave
CCS values [60]. In preparation of the calibration curve, T-
Wave CCS values were determined at five combinations of
T-wave velocities and wave heights (200 ms ™' & 15V,
200 ms™' & 18 V, 200 ms ' & 20 V, 300 ms ' & 20 V
and 400 ms~' & 20 V) for all standards. The averaging of
CCS values from measurements of native-like protein stan-
dards under several T-wave conditions with high R* have
been shown in the literature [60] to generate good CCS
measurements that are comparable with drift tube measure-
ments. Therefore, in the present work, CCS calibration
curves were generated following a published protocol [10],
using four protein complexes as standards with a mass range
that bracketed the mass of the analyte- transthyretin tetra-
mer, concanavalin A tetramer, serum amyloid P pentamer
and glutamate dehydrogenase hexamer. A comparison of the
CCS values obtained utilizing the five wave conditions
(200 ms ' & 15V, 200 ms ' & 18 V, 200 ms ' & 20V,
300 ms™' & 20 Vand 400 ms~' & 20 V) indicated that there
was a standard deviation of <1 %. Hence, for the measure-
ment of the difference in CCS with and without ligand, all
five wave conditions were used. However, all other T-wave
IM experiments were carried out utilizing a wave velocity of
200 ms ' and a wave height of 20 V because these condi-
tions maximized the R? of the calibration plot (R* 0.9991).
Voltages in the instrument were tuned to ensure that extra
activation was minimized without compromising the trans-
mission of ions. Crystal structures of the x-monomer
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(1V7Y), p,-dimer (1X1Q) and «f-dimer with and without
ligand (1BKS and 2RHG) were obtained from the Protein
Data Bank. The two o3-dimers were combined in PyMOL
to produce the o, [3, tetramer. The same was done with the
a-monomer and (3,-dimer to form the «{3,-trimer. Hydro-
gen atoms were then added to the crystal structures and the
theoretical CCS values were calculated directly by using the
open source software MOBCAL. The data produced by
MOBCAL is based on three models, which calculate the the-
oretical CCS of a molecule using its three-dimensional coordi-
nation file [41].In this research, the Exact Hard Spheres (EHS)
model [41] was employed. It has been reported in literature that
the Projection Approximation (PA) method does not address
the effects of multiple collisions, and hence for ions of masses
greater than 2 kDa, this method underestimates CCSs and is of
limited value for larger bio-molecules [33]. The Trajectory
Method (TM) is not optimized and was found to be computa-
tionally too challenging for the larger proteins and thus failed.
The MOBCAL calculations were performed on the high per-
formance computing servers at the University of Arizona.

Results and discussion

Topology of the tetrameric tryptophan synthase 3,
complex

The TS a3 complex has two types of interfaces; the «f3
interface and the (33 interface. The «f3 interface is hydropho-
bic in nature, with an area of approximately 1,190 AZ of the ot
subunit interacting with an area of 1,110 A of the 8 subunit
[30] and a dissociation constant (Kg) of 2.2x 10 °M [2]. The
two [ subunits interact over an area of 1,440 A via several
forces, van der Waals hydrophobic, hydrogen bonding, and
ion pair interactions, with a K4 as low as 3.7x10'°M [30].
Clearly, the 3 interface is much more stable than the of3
interface. Figure 1 (a and b) shows representative CID and
SID MS/MS spectra for the +27 tetrameric TS complex re-
spectively. CID of the TS complex produces -monomers and
their complementary of3,-trimers, whereas SID resulted in a
different dissociation pattern. In addition to @x-monomers and
o ,-trimers, SID also yielded 3-monomers and [3,-dimers,
which were not observed under CID. This is not surprising,
given that SID is a fast process that deposits more energy in
the TS complex than CID. CID is a multistep, slower process
[3,32] so SID results in more product ions as there is sufficient
energy available to access a variety of dissociation channels,
including disrupting the stronger (33 interface.

An examination of the o-monomers produced by CID
and SID reveals that CID «-monomers show a broad range
of charge states (+6 to +18) with gradually increasing CCS
(Fig. 1c) which is characteristic of monomer unfolding.
Conversely, SID produced ax-monomers that show a smaller
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range of lower charge states (+5 to +11) that do not change
in CCS in the lower charge states but increase at higher
charge states, +8 and higher (Fig. 1d). Note that a given
charge state is either compact or elongated regardless of acti-
vation method used. Further examination of Fig. 1c and d
shows that while the higher proportion of CID &-monomer
product ions are unfolded, most of them remain compact in
SID. These observations are in line with the investigation of
CCS of the activated but undissociated tetramer with increas-
ing acceleration voltage (Fig. 2a and b), where the extent of
unfolding seen in SID is much less than in CID.

Prior studies have shown that charge-reduced protein assem-
blies retain compact conformations before activation [7]; [47].
Analyses were carried out on charge-reduced TS tetrameric
complex to determine whether TS would produce “native-like”
product ions as seen in SID for typical charging seen in ammo-
nium acetate. The term “native” or “native-like” is used to
describe a product ion that has a CCS value similar to that
calculated for its corresponding crystal structure in MOBCAL.
The extent of unfolding is indeed markedly reduced in both
CID and SID of charge reduced precursors (Fig. 2¢ and d),
although the same number of unfolding intermediates can still
be distinguished in CID. In CID, the total change in CCS of
the +19 tetramer is approximately 2100 A?, which is much less
than that seen for the +27 tetramer (~3700 A?), whereas in SID,
the +19 tetramer remains intact before it dissociates. Conse-
quently, the CID «-monomer product ions obtained from the +
19 tetramer are not as unfolded as those obtained from the +27
tetramer, whereas the SID o-monomer product ions from the +
19 tetramer remain mostly compact (see Figure Sla and S1b in
the Supporting Information).

This behavior, where CID and SID produce predominant-
ly unfolded and folded monomers respectively, is similar to
results of a recent study by our group, which examined the
CCS of the dominant CID and SID monomers produced
from a number of protein complexes, namely C-Reactive
Protein (CRP), Transthyretin (TTR) and Serum Amyloid P
(SAP) [69]. It was found that the CCS values of SID mono-
mers were similar to the values calculated for clipped
“native” monomers. Conversely, a majority of CID mono-
mers unfolded with increasing charge state, although some
compact monomers were observed at low charge states. A
comparison of “native” monomers produced in both activa-
tion methods, showed that “native” CID products existed in
a lower abundance than seen in SID [69].

An investigation of the complementary of3,-trimers
(Fig. 1e and f) reveals similar results. The CID «f3,-trimer
product ions show a broad range of charge states (+10 to +
21), with increasing CCS as the charge state increases
(Fig. le). Conversely, the SID «f3,-trimer product ions
show a narrower range of lower charge states (+9 to +13)
which exist predominantly as compact structures (Fig. 1f).
As was the case for the ax-monomer product ions, the higher
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Fig. 1 Dissociation products of the +27 TS heterotetramer complex
precursor obtained from nano-ESI MS/MS at an acceleration voltage of
100 V. Representative (a) CID and (b) SID spectra are shown. CCS of
monomer (¢—d) and trimer (e—f) products are shown for both CID and
SID. The red line indicates the CCS of the native products (native

proportion of CID «f3,-trimer product ions exists in unfold-
ed states, while the SID «f3,-trimer product ions remain
folded. However, further examination of the CCS of various
charge states of both the CID and SID «f3,-trimers product
ions reveals an interesting phenomenon, where it is

14000 gy
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12000
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<C 6000
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40 60 80 100 120 140 160 180 200

14000

10 12 14 16 18 20 22
Charge State

trimers were clipped from TS tetramer) determined from Mobcal. As
indicated on the color bar, white represents no product present, whereas
the deepest red represents the highest abundance of product present. As
shown, CID and SID products exist predominantly in the unfolded and
folded states respectively

observed that the lower charge state «[3,-trimer product ions
show a CCS value lower than that calculated based on the
crystal structure (~500 A smaller in both cases). A lower
CCS value (~200 A? smaller) than was expected based on
the crystal structure was also seen in the (3,-dimer product

(b) +27 SID 90
12000 %
10000 Jes "

8000 K= s
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000 py 40
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Fig. 2 Dependence of CCS and survival of TS tetramer precursor on
acceleration voltage. Experiments were performed by increasing the
acceleration voltage and monitoring the changes in drift time (which
were converted to CCS) of the fraction of precursor remaining, using

nano-ESI-MS/MS-IMS. As indicated by the color bar, blue represents
a low abundance of precursor, while red represents a high abundance.
In CID, remaining TS tetramer precursor unfolds; whereas in SID, the
remaining precursor remains mostly folded as dissociation occurs
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ions (see Figure S2b in the Supporting Information). No
such change was seen for either the x-monomer or the f3-
monomer product ions. Moreover, the CCS values observed
for the 3-monomers are similar to those calculated based on
the crystal structure (see Figure S2a in the Supporting In-
formation). This observation may have been realized as it
has been reported that not only is the binding site for the
coenzyme PLP buried within the interfaces between the f3-
structural domains, but also conformational changes involv-
ing substantial decrease in exposed hydrophobic surfaces
are observed upon binding PLP or «-chains [52]. Hence, we
propose that the reason a CCS value lower than was
expected was observed in both (3,-dimer and of3,-trimer
product ions, may be due to a collapse of the “hydrophobic”
active site in the (3,-dimer upon collisional activation due to
the absence of the co-enzyme- PLP. This “collapse” was also
seen in the +19 tetramer (Fig. 2c), where a decrease of
~550 A% was observed. However, such a change was not seen
in the +27 tetramer (Fig. 2a). The fact that a collapse is not
seen in the +27 tetrameric TS complex can be attributed to the
charge repulsion effect caused by the additional eight charges,
which may have made it difficult for a collapse to occur.

Multistate unfolding of the tetrameric TS o3, complex

Figure 2a and c also reveal the presence of a number of
intermediates during the unfolding process of the TS tetra-
meric complex. To investigate the multistate unfolding of
TS, the +27 tetrameric precursor (two o-subunits present)
and a +22 «f3,-trimeric precursor (only one «-subunit pres-
ent) obtained from the solution distributions of the TS
complex were selected and activated via CID while their
CCS was monitored as a function of the collision voltage.
Charge density affects the extent of unfolding as shown by
the different unfolding profiles for the +19 and +27 tetra-
mers. The charge densities of the +27 tetramer and +22
trimer are approximately +27/8200 A% and +22/6600 AZ
respectively. Hence, the +27 tetramer and +22 trimer were
chosen because they have similar charge densities, thus
allowing for a more accurate comparison. The results of this
analysis are shown in Fig. 3. Figure 3a and b both show the
presence of three intermediates (I;, I, and I3) in the +27
tetrameric TS complex and the +22 «f3,-trimer respectively.
In both the tetramer and trimer, the acceleration voltages at
which the three intermediates occur were similar with I;, I,
and I3 appearing at 40 V, 50 V and 60 V, respectively. The
unfolded state also appears at the same acceleration voltage
(70 V) in both tetramer and trimer. Because both the +27
o, [3,-tetramer and the +22 «f3,-trimer have similar charge
densities, the fact that these voltages are similar for both
allows us to propose that the same bonds are being broken in
both the tetramer and trimer. One plausible explanation for
this similar behavior is that the three intermediates formed
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must have discrete structures in specific regions of both
tetramer and trimer as they unfold. A comparison of the
experimental CCS values obtained for the SID «-monomer
(See Fig. 1d) and 3,-dimer (See Figure S2b) product ions
indicates that while a small amount of unfolding of the o-
monomer is observed, the 3,-dimer remains compact. From
the fact that the 3,-dimer remains compact, it can be sur-
mised that the tetrameric TS complex unfolds due to
unfolding of the a-monomer, supported by the different
charge state distributions observed for the x-monomer prod-
uct ions obtained from the +27 tetrameric TS complex at
40V, 50 Vand 60 V (See Figure S3a in Supporting Informa-
tion). These gas-phase findings are consistent with solu-
tion reports on the unfolding of the x-subunit of TS (o-
TS), which have also shown the presence of a number of
intermediates [20,54]. In one such study, urea-induced
unfolding of the «-subunit of TS, monitored using
HDX-MS and circular dichroism determined that the o-
subunit unfolds via two stable equilibrium intermediates,
of which the first retains a significant fraction of the
native ellipticity [54]. In another study, temperature-
induced unfolding simulations of the o-subunit reveal
the presence of two intermediate ensembles, I; and I, during
unfolding/refolding at the folding temperature, T;=335 K.
demonstrates discrete structure in regions -3¢ whereas I is
a loose ensemble of states with an N-terminal structure vary-
ing from at least 3; — 35 (denoted I,4) to o — 34 (denoted 1)
[20]. This present study illustrates that unfolding of the «-
subunit upon activation of the TS complex and the o [3,-trimer
behaves similarly to the «-subunit when it exists as an
independent entity in solution.

An examination of the changes in CCS of the tetramer
and trimer relative to their initial states shows that while the
CCS changes seen in I; for both tetramer and trimer are
practically the same, this is not the case for I,, I3 and the
unfolded states (as indicated in the plot in Fig. 3c). In a
previous study, the unfolding behavior of a heterodimer oc[3-
Spectrin bound laterally lengthwise- an architecture similar
to the x,(3, TS complex- was monitored using Atomic
Force Microscopy (AFM) [36]. Results from that study
indicate that there was an equal probability of one monomer
unfolding or both monomers unfolding simultaneously,
based on where the AFM tip was placed. The a9 21/B1-2
lateral interaction was found to be much stronger than that
of ®1g_19/B3_4, thus forming a strong and weak affinity
component within the dimer complex. Attachment of the
tip to the weaker end resulted in the unfolding of single
chains, whereas attaching it to the stronger end resulted in
the simultaneous unfolding of both chains within the dimer
[36]. In this present study, it is apparent that there is a
comparatively larger CCS change observed for the tetramer-
ic complex than that of the trimer, except in the case of the
first intermediate when the change is similar. Consequently,
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Fig. 3 Unfolding of TS tetramer and trimer under CID. +27 TS
tetramer was obtained by spraying 100 pM TS in 100 mM
NH4OAc, whereas +22 TS trimer was obtained by spraying
25 uM TS in 100 mM NH4OAc. Both (a) tetramer and (b) trimer

we propose that initially at a lower collision voltage, one of
the terminal exposed ends of the oc-monomer subunits un-
fold independently (I;). As the collision voltage is increased,
both a-monomer subunits unfold simultaneously, as the
stronger end of the oc-monomer subunit, i.e. the segment at
the «f3 interface, unfolds (I, and I3). The proposed
unfolding pathway of both trimer and tetramer can be seen
to the right of the plot in Fig. 3c.

Ligand mediated conformational changes

As alluded to earlier, the a-subunit catalyzes the reversible
retro-aldol cleavage of indole-3-glycerol phosphate (IGP) to
produce glyceraldehyde 3-phosphate (G3P) and indole [51].
X-ray crystallography has shown that upon addition of a
ligand, the flexible loop located next to the active site moves
from an “open” to “closed” conformation, effectively cov-
ering the active site. In the closed conformation, the hydrox-
yl group of oThr183 in loop 6 is believed to interact with
the O6 of xAsp60 in loop2, thereby positioning the carbox-
ylate of «Asp60 for hydrogen bond formation with the
indole nitrogen of IGP [53]. It has also been shown that
binding of the phosphate apparently induces large confor-
mational and positional changes in nearby residues, espe-
cially in Gly234 and Ser235 [30]. Whereas the addition of
IGP results in the oc-subunit attaining a “completely closed”
conformation, the addition of G3P results in the x-subunit
having a “partially closed” conformation that mimics the
transition-state for IGP cleavage. [15] Ngo et al. also re-
vealed that the binding of ligands at the active site of the o-
subunit triggers a conformational change in the [-site to a
state with an increased affinity for L-Ser. [45] Hence, in the
present study, GP, a common non-reactive analogue of G3P
was added to the tetrameric TS complex in the presence of

unfold via a three-intermediate pathway. Plot (¢) shows the
change in CCS of all forms of both tetramer and trimer, relative
to their corresponding native state

excess L-Serine and the CCS of the complex was monitored
to determine if there was a conformational change. L-Serine
was also added to the TS complex in the absence of GP, so
any change in CCS that is seen can be interpreted as due to
binding of GP to the active site. Mobcal calculations indi-
cated that the addition of GP resulted in a change in CCS of
180 A2, A comparison of the CCS of the TS complex with
and without ligand at a low acceleration voltage of 10 V
CID (Fig. 4a) at various wave conditions shows that there is
an average increase in CCS of approximately 170 A2, which
is near the known/applied bin size of 180 A%, when GP is
added. In a typical ion mobility measurement in the Synapt
G2 instrument, ions are pulsed into the time of flight
analyzer two hundred times (200 bins), which limits
measurements of ions to discrete drift times, and thus the
CCS of ions can only have discrete values. By varying the
wave conditions, we were not only able to determine the
optimum wave conditions for this experiment, but we were
able to ascertain the reproducibility of the experimental CCS
value. While the CCS/bin varied minimally with varying
wave conditions (200 ms™' & 15 V, 200 ms ' & 18 V,
200 ms ' & 20V, 300 ms ' & 20 Vand 400 ms ' & 20 V),
the average CCS obtained from these experiments for TS
without ligand was 8200 A%+0.24 %, while in the presence
of the ligand the average CCS was 8380 A%+0.24 %. Thus,
the average change in CCS was 180 A?+20 A?. Hence, the
change in CCS upon addition of ligand was reproducible,
when employing various wave conditions. Consequently, this
present study confirms that there is a conformational change
that accompanies the addition of GP to the TS complex.
Figures 4b and ¢ show the results of an IM-MS unfolding
“fingerprint” experiment, where the population and CCS of
the tetrameric TS complex is monitored as the acceleration
voltage is increased. While the five states observed during the
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unfolding process of TS without GP are conserved upon
addition of GP (See Figure S4 in Supporting Information),
the “native-like” CCS of the tetrameric TS complex persists
to higher acceleration voltages upon the addition of GP (See
Fig. 4b and c). These results parallel previously reported
transthyretin (TTR) results where IM-MS unfolding “finger-
print” studies reveal stability differences upon addition of
thyroxine (its natural ligand) to the protein complex[31]. A
review on computational methods to predict binding free en-
ergy in ligand-receptor complexes illustrated that conforma-
tional changes that accompany binding of a ligand to a protein
complex involve the burial of hydrophobic surfaces so as to
enhance binding [1]. The active site of the «-subunit of TS is
comprised of a number of hydrophobic amino acids, such as
Phe22, Gly211, Gly213 and Gly234 and two polar residues-
Tyr175 and Ser235 [30]. The burial of the hydrophobic amino
acids may have caused these amino acids to be closer to each
other resulting in the formation of new non-covalent interac-
tions. This rearrangement may not only explain the conforma-
tional change, but also the enhanced stability of the “native-
like” form of the TS complex observed.

An analysis of the CCS of the beta dimers produced
(49, +10 and +11) with GP and without GP illustrate no

@ Springer
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change in CCS upon addition of the ligand. This indicates
that there was no significant conformational change in the
beta dimer upon addition of ligand, which was expected as
GP does not bind to the active site of the beta dimer. Binding
studies employing spectrophotometric titration and equilib-
rium dialysis reveal that there is only one binding site per
equivalent of a-subunit [35]. Figure 5 shows the c-monomer
region of representative MS/MS CID and SID spectra at
100 V with and without GP. An examination of the spectra
illustrates that some peaks exist as doublets. From charge
state deconvolution, it is apparent that these peak pairs
represent the o-monomer without GP and with one GP
molecule present. Further examination also reveals that in
both CID and SID, the CCS change between peak pairs,
based on differences in drift time, is comparable with the
change seen with ligand binding, and is only present in
folded or partially-folded «-monomers. Hence, we propose
that in the unfolded «x-subunit, the residues present in the
active site are no longer in close proximity and therefore GP
can no longer bind to the x-subunit. This experiment also
shows that even as unfolding occurs, the ax-monomer prod-
uct ions retain some amount of discrete structure. A compar-
ison of the spectra obtained for CID and SID, when GP is
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Fig. 5 Monomer products of the +27 precursor of TS both with and
without a ligand. Nano-ESI MS/MS control spectra in (a and ¢) were
obtained by spraying 100 uM TS and 20 mML-Serine in 100 mM
NH,4OAc; while cofactor spectra (b and d) were obtained by spraying
100 uM TS, in 100 mM NH4OAc (which contained 20 mM L-Serine

present, shows that in CID only some peaks exist as dou-
blets, whereas in SID all x-monomer peaks are present as
doublets. These results further indicate that more SID prod-
uct ions that are in their “native-like” states survived as
manifested by the preservation of the ligand adducts, as
compared to CID product-ions which exist predominantly
in the unfolded state.

Conclusions

The investigation of a hetero-tetrameric complex offers an
opportunity to gain insight into the effects of structural
features on the dissociation of complexes using different
activation methods. The findings of such an investigation
are summarized in Fig. 1, where it is evident that CID leads
to significant unfolding of the monomer subunit and its
separation from the remaining (n-1)mer. However, SID is a
higher-energy, fast process that deposits more energy into
the complex therefore resulting in more dissociation prod-
ucts than CID. In this present study, we also show that SID
products are more “native-like”, i.e. have CCS consistent
with crystal structure, than those obtained from CID and
thus SID offers more topological information on the struc-
ture of protein complexes.

In this work, we measured the unfolding of undissociated
precursor in CID along with ion mobility drift times, to
investigate the unfolding of the Tryptophan Synthase com-
plex. Here we show that the o«-monomer, when present on
both the tetramer and trimer, behaves similarly to when it is
present as a single entity, undergoing multistate unfolding.

and 40mM GP) at an acceleration voltage of 100 V in both CID and
SID. In (b and d) peak doublets are indicative of two populations, one
of which is ligand-containing. A comparison of spectra at various
charge states shows that ligand is present only in folded and partially
folded monomers

The fact that in this experiment we were able to vary the
acceleration voltage and hence the collision energy in CID,
coupled with the ability of IM to separate product ions of
similar m/z having different conformations allowed us to
identify three stable intermediates and propose the steps of
unfolding of the TS complex.

In the final part of this study, we were able to utilize
the ability of IM to monitor conformational changes to
investigate the effect of adding a ligand to a protein
complex. Here, IM-MS fingerprint experiments revealed
that upon addition of GP, not only is a conformational
change observed, but also the “native-like” state of the
tetrameric TS complex is more stable. Both CID and
SID activation revealed that GP was buried within the
«-monomer, as it could only be found in either the
folded or partially folded conformers of the «-monomer.
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