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Abstract

The complex interplay of dynamic protein plasticity and specific side-chain interactions with
substrate molecules that allows enzymes to catalyze reactions has yet to be fully unraveled. Top-
down ultraviolet photodissociation (UVPD) mass spectrometry is used to track snapshots of
conformational fluctuations in the phosphotransferase adenylate kinase (AK) throughout its active
reaction cycle by characterization of complexes containing AK and each of four different
adenosine phosphate ligands. Variations in efficiencies of UVPD backbone cleavages were
consistently observed for three a-helices and the adenosine binding regions for AK complexes
representing different steps of the catalytic cycle, implying that these stretches of the protein
sample various structural microstates as the enzyme undergoes global open-to-closed transitions.
Focusing on the conformational impact of recruiting or releasing the Mg?* cofactor highlights two
loop regions for which fragmentation increases upon UVPD, signaling an increase in loop
flexibility as the metal cation disrupts the loop interactions with the substrate ligands. Additionally
the observation of holo ions and variations in UVPD backbone cleavage efficiency at R138
implicate this conserved active site residue in stabilizing the donor phosphoryl group during
catalysis. This study showcases the utility of UVPD-MS to provide insight into conformational
fluctuations of single residues for active enzymes.

INTRODUCTION

Enzymes are powerful catalysts capable of accelerating chemical reaction rates several
orders of magnitude allowing biochemical processes to take place on biologically relevant
timescales. Despite the enormous headway in deciphering the interplay of side-chain
residues, cofactors, and overall protein plasticity that contributes to a suitable electrostatic
environment amenable for promoting a given chemical reaction, a comprehensive
understanding of enzymatic catalysis is still lacking.1* One well-studied enzyme known to
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undergo a large conformational change from an open inactive state to a closed active state is
adenylate kinase (AK).> Acting to maintain the energy balance in cells, this protein catalyzes
the reversible phosphoryl transfer reaction starting with adenosine 5’ -monophosphate
(AMP) and adenosine 5’-triphosphate (ATP) which results in production of two adenosine
5’-diphosphate (ADP) molecules.® Strategies involving elaborate computer simulations and
ultrafast laser spectroscopy have complemented the static three-dimensional structures
provided by crystallography and NMR studies to identify the specific residues of AK, in
concert with a divalent Mg cofactor, which play key roles in the acceleration of phosphoryl
transfer.”~22 Controversy remains over whether individual high-frequency local fluctuations
in the enzyme’s structure facilitate large conformational transitions on the timescale of
catalytic turnover and significantly contribute to an increase in efficiency of transferring the
phosphoryl moiety.2:3:12.14.15.22-24 Gjyen that catalytic mechanisms often involve several
microscopic steps occurring over a hierarchy of time and distance, development of new tools
for unraveling these complex processes would represent a compelling advance.3:22

Mass spectrometry (MS) has shown promise in recent years for the development of
sensitive, higher-throughput approaches to addressing structural biology questions.?®
Bottom-up strategies involving covalent chemical probes, including hydrogen/deuterium
exchange (HDX), cross-linking of reactive residues, and hydroxyl radical footprinting, have
cemented the pivotal role of tandem mass spectrometry (MS/MS) in examining the native
structures of proteins.26-2% Native MS methods allow the efficient transfer of proteins and
protein complexes into the gas phase in low charge states via electrospray ionization of
buffered solutions that contain volatile salts, most commonly ammonium acetate.3031
Measurements of collisional cross sections by ion mobility MS suggest the charged proteins
and protein complexes maintain to a large extent the folded tertiary and quaternary structures
adopted in solution.32-34 Moreover, the ability to determine binding constants and elucidate
conformational changes occurring during ligand interactions and/or unfolding has been
demonstrated.30:31.35-41 Time-resolved electrospray ionization (ESI) and HDX MS
experiments have been previously been used to directly monitor enzymatic reactions on
millisecond time scales and detect transient covalent intermediates.*2-44

The development of MS/MS methods sensitive to protein structure has further advanced the
utility of native MS. Electron-based activation techniques, including electron transfer
dissociation (ETD)*® and electron capture dissociation (ECD),46-50 yield significant
sequence coverage with abundances of the resulting fragments correlating with
crystallographic B-factors.4%50 Surface-induced dissociation (SID) is another activation
method that has found great utility for decoding the quaternary structures of protein-protein
complexes.® A third activation method, ultraviolet photodissociation (UVPD), offers
unsurpassed levels of diagnostic backbone fragmentation for proteins via fast high-energy
excitation caused by absorption of 193 nm photons.38-41.52-54 vPD yields both holo
(ligand-bound) and apo (free of ligand) product ions with ion abundances that reflect
secondary or tertiary protein structure.38-41 Suppression or enhancement in UVPD cleavage
efficiencies at certain positions along the protein backbone may result from variations in
secondary or tertiary features occurring in other regions of the protein structure.*0
Furthermore, ion mobility MS measurements of ubiquitin have demonstrated that UVPD
fragmentation patterns vary for different gas-phase conformers, a particularly interesting
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outcome that demonstrates the sensitivity of UVPD to protein structure.>>56 Most recently
UVPD fragmentation patterns were used to monitor stepwise loop movements of
dihydrofolate reductase (DHFR) upon binding of co-factor NADPH and inhibitor
methotrexate, and to delineate conformational changes caused by single point G12X mutants
of K-Ras bound to guanosine phosphate ligands.4041 These previous studies have
demonstrated the versatility of UVPD-MS for comparing ligand-bound to unbound states for
a given protein, and monitoring conformational changes arising from binding different
ligands or from subtle mutations in protein sequence. The aim of the present work is to
evaluate the utility of UVPD for monitoring snapshots of the conformational dynamics of an
active enzyme by comparison of various ligand-bound states. Probing this level of fine
structural detail establishes a new benchmark for UVPD-MS.

Here we present native MS and top-down UVPD-MS of binary and ternary complexes of
AK with AMP, ADP, ATP, and P1, P4-di(adenosine-5)tetraphosphate (AP4A\) inhibitor,
mirroring the steps of its enzymatic cycle. Previously native MS has been used to screen
metal-chelating to AKs and quantify association constants with various noncovalent
inhibitors.578 More recently, phosphate-bound fragment ions observed upon ECD and
collision-induced dissociation (CID) were used to elucidate ATP binding sites of the enzyme
sequence.9 Previous comprehensive studies of the AK energy landscape along the reaction
pathway at the molecular level point to the precise placement of a divalent Mg cofactor,
conserved Arg residue, and conformational fluctuations in the protein as possible
explanations for the efficient phosphoryl transfer and suppression of detrimental
hydrolysis.2:3:12.16.19.22 gyilding on these results, we monitor variations in UVPD for
several snapshots of AK that reflect steps along its catalytic cycle to shed light on the roles
of local unfolding during a global open-to-closed transition, a divalent metal cofactor, and
interactions of the ligands with a conserved residue in assembling the pre-organized active
site essential for catalysis. Our work highlights the utility in developing novel approaches
that may provide a deeper understanding of the general mechanism of enzyme catalysis.

EXPERIMENTAL

All experiments were performed on a Thermo Scientific Orbitrap Elite mass spectrometer
(Bremen, Germany) modified as previously described®2 with a Coherent Excistar 193 nm
ArF excimer laser (Santa Cruz, CA) to perform photodissociation in the HCD cell. Details
about the experimental methods and data analysis strategy are provided in the Supporting
Information section. Figure S1 gives the sequence of AK (Gallus gallus) and the structures
of the adenosine phosphate ligands, and data analysis methods are illustrated in Figures S2 —
S5. A diagram of the crystal structure of AK<AP4A (PDB 1D: 2C95)% used as a model is
given in Figure S6.

RESULTS & DISCUSSION
Native MS and UVPD of AK-Ligand Complexes

Native MS conditions were used to transfer complexes containing AK non-covalently bound
to AMP, ADP, ATP, or AP4A into the gas phase by electrospray ionization. Low charge
states (8+, 9+, 10+) characteristic of native-like proteins were observed for each protein-
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ligand complex (Figure S7TA-F, including AK, AK<AMP, AK*ADP, AK<ATP, AK-AP4A,
AKeAMPATP, AKeAMP+ATP-Mg, AKsADP+ADP, and AKcADP+ADP-Mg). A single
divalent Mg cofactor only bound to the ternary complexes (Figure S7G-I). Catalytic
products (AMP, ADP, ATP-Mg) were observed in the ESI mass spectra for the ternary
complexes containing Mg but not when bound to the AP4A inhibitor, thus indicating that the
protein adopted an enzymatically active conformation during analysis (Figure S8). For each
complex examined, the most abundant charge state (9+) was isolated and subjected to 193
nm UVPD to yield the informative fragmentation patterns in Figure S9. Expansions of
specific sections of the m/zrange show isotopically resolvable fragment ions that are readily
assigned as diagnostic sequence ions (Figure S9J). Deconvoluted spectra were created from
raw UVPD spectra using Xtract to decharge the fragment ions (Figure S10). High sequence
coverage (74-83%) was obtained for all nine complexes examined.

Mapping UVPD Holo Fragment lons to Examine Ligand Binding Sites

Previously it was reported that the intrinsic stability of electrostatic interactions governing
the binding of adenosine phosphate ligands allowed the survival and detection of protein
fragment ions containing mono- and diphosphate groups and release of the truncated
adenosine monophosphate upon CID or ECD of AK+ATP complexes in the gas phase.>® A
subsequent study found that using supercharging reagents, such as /m-nitrobenzyl alcohol
and sulfolane, to increase the charge state of the precursor allowed production of AK
fragment ions bound non-covalently to intact ATP upon ECD.5 Interestingly, UVPD has
been shown to produce fragment ions retaining intact nucleotide phosphate ligands without
the need for supercharging reagents for elF4AEsm’GTP, DHFRsNADPH, and K-
Ras*GDP/GTP complexes.384041 The retention of entire nucleotide phosphate ligands upon
UVPD rather than retention of individual phosphate groups upon CID or ECD®? is attributed
to the higher energy deposition upon absorption of 193 nm photons which presumably favor
cleavage of backbone bonds of the protein rather than cleavage of labile phosphate bonds. In
the present study, holo fragment ions containing the intact adenosine phosphate ligands were
observed for each of the complexes examined. Figure S11 displays the distribution of holo
fragment ions for the binary and ternary AK complexes with the specific residues containing
bidirectional holo ions (e.g., bidirectional holo ions are those for which both N-terminal and
C-terminal fragment ions retain the ligands and share overlapping residues) highlighted in
red. These regions demarcated by the holo fragment ions are represented as red spheres on
space-filled models on the crystal structure of the protein (PDB 1D: 2C95) in Figure 1 to

aid in visualization of the putative binding locations of the adenosine phosphate
ligands. 11.22.62-64

For two of the ternary complexes (AK*AMP+ATP and AK*ADP+ADP), the majority of holo
fragment ions contained both ligands (e.g., 93 unique fragment ions contained both AMP
and ATP for AKeAMP+ATP and 79 unique fragment ions contained both ADP molecules for
AKeADP+ADP) (Figure S12). Analysis of the AKeAMP complex yielded overlapping holo
fragment ions from both the N- and C- terminus for residues in the AMPyq (L57, Q58) and
ATPiq (D140) regions suggesting that this ligand is promiscuous in the absence of ATP
(Figure 1A(1) AKeAMP). In the presence of ATP, only residues in the AMP adenosine
binding region (L57, E65) yielded bidirectional AMP-bound holo fragment ions for the
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ternary complex (Figure 1B(1) AK.AMP+ATP). Evidence of ADP interactions were only
found involving residues in the ATP adenosine binding region (S19, G20) for the binary
AK<ADP complex, further supporting the high monophosphate nucleotide specificity of the
AMP binding pocket (Figure 1A(2) AKsADP).11.62-64 For the ternary complex containing
two ADP molecules, N- and C-terminal holo fragment ions incorporating residues in the
adenosine binding regions of both AMP (E65) and ATP (P17, S19) were identified (Figure
1B(2) AK<ADP+ADP). For the binary and ternary complexes involving ATP, both N- and C-
terminal fragment ions retaining ATP spanned residues from the ATP adenosine binding
(S19, G22, T23) and ATPjjq (K131, R132, R138) regions (Figure 1A(3) AKeATP, and 1B(3)
AKeAMP+ATP). This finding correlates well with previous top-down MS data that identified
amino acids G121-D140 in the ATP)iq region as the primary binding site of ATP as well as
an additional minor site at residues D141-D180.5° Prior MS data supported the role of
several conserved arginines (R44, R97, R132, R138, R149) in binding ATP; however, the
Gly-loop making up the ATP adenosine binding region (G18-T23) was not previously
implicated®® but is identified in the current study. Even though these interactions were too
labile to survive collisional activation, UVPD did not disrupt these interactions and key
ATP-bound holo ions were observed from this region for both the binary and ternary
complexes. In summary, mapping holo ions created upon photodissociation allows each
adenosine phosphate ligand to be traced back to its respective binding pocket,11:22.62-64

Conformational Changes throughout the Catalytic Cycle

Enzymatic activity is often governed by a dynamic interplay between structure and stability,
but understanding this linkage between plasticity and activity is still in its infancy. For AK,
which is known to undergo a large conformational transition from an open inactive to a
closed active state, it has been established that dynamic sampling of several structural
microstates limits the rate of substrate molecule turnover.10:12.14-19 yn|ike other protein
kinases that require specific protein-protein interactions or covalent modifications to enable
catalytic activity, the presence of two adenosine phosphate substrates is all that is necessary
for AK to catalyze a reversible reaction; thus making it amenable to studies aimed at
identifying specific residues that contribute to opening and closing and the timescale of
these events. Based on these previous studies, the AMPyq and ATP)iq regions are implicated
as undergoing the largest conformational changes given that the rate of catalytic turnover is
limited by opening of these regions after phosphoryl transfer to release product
molecules.12:14.16-19.22 One of our primary aims is to assess the sensitivity of UVPD-MS to
some of the more subtle structural changes AK undergoes during its catalytic cycle. In an
effort to identify these we focused on AK from Gallus gallus (PDB: 2C95)0 which has
abbreviated AMPy,4 and ATP)iq regions compared to AK from £. coli (PDB: 1AKE)%
(Figure S13). These two regions still close over the active site to align the substrates for
phosphoryl transfer and prevent hydrolysis, but owing to the shortened active site loops,
dynamic fluctuations throughout the remainder of the enzyme during catalysis have a more
significant impact.

Information about relative conformational changes was inferred from backbone cleavage
efficiencies across the protein determined by analysis of both holo and apo fragment ions
upon UVPD. In particular, we are interested in the changes in UVPD backbone cleavage
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efficiencies that occur during each step of the reaction cycle. Enhancement or suppression of
backbone cleavages upon UVPD has been shown to correlate with the flexibility of that
region, e.g., the extent to which a given region is involved in stabilizing intramolecular
interactions.3%41 Regions where UVPD fragmentation of a protein or protein complex is
suppressed (relative to an analogous protein or protein complex in another state) indicates
enhanced stabilization owing to conformational changes, variations in intramolecular
interactions, or other factors.39-41 The efficiency of backbone cleavage upon UVPD relative
to each amino acid for each AKeligand complex is represented graphically in Figure S3. To
visualize these changes in backbone cleavage efficiency for each of the eight steps of the AK
catalytic cycle, difference plots were constructed by subtraction of the summed holo and apo
fragment ion abundances for a given step in the cycle from the previous step (Figure 2). As
shown in Figure 2, values that fall below the zero axis indicate a decrease or suppression of
UVPD, whereas values that lie above the zero axis indicate an increase or enhancement of
fragmentation. Considering all of the steps of the reaction cycle, most of the significant
variations in backbone cleavage efficiency upon UVPD occur in the adenosine binding
region of ATP and a-helices of the AMP4. Those amino acids (representing backbone
cleavage sites along the sequence of AK) for which reproducible and statistically significant
variations were observed are highlighted on the structure of AKeAP4A in Figure 3 for each
step of the catalytic cycle. Red-colored residues designate an increase in backbone cleavage
upon UVPD compared to the previous step in the cycle, thus implying weakened or reduced
intramolecular interactions. Conversely blue-colored residues denote a decrease in cleavage
efficiency suggesting engagement in new intramolecular interactions that stabilize the
structure. Figure 4 showcases five regions of the enzyme (al, a2, a3 helices, AMP and ATP
adenosine binding regions) found to consistently undergo significant conformational
changes in each putative snapshot of the enzymatic cycle (based on the UVPD data)
highlighted on the crystal structure of AK bound to AP4A.

Following a random bi-bi mechanism during catalysis (/.e., two substrates on, two substrates
off), either AMP or ATP can bind apo AK and cause suppression of backbone cleavage in
the AMPygq and AMP adenosine binding region (Figure 3(step 1 to 2A)) or K21 of the ATP
adenosine binding region (Figure 3(step 1 to 2B)). Enhancement in the degree of
fragmentation of the a1 helix for both states suggests a global opening of the protein during
binary complex formation. Addition of the second cognate ligand to each of the binary
complexes to form the ternary AKeAMP+ATP complex results in similar changes in UVPD
cleavage efficiencies: most notably significant enhancement of fragmentation in the a1, a2,
and a3 helices (Figure 3(steps 2A, 2B to 3)). This outcome is consistent with further
opening of AK to accommodate a second ligand as well as local conformational fluctuations
of these three helices to align the reactive atoms of the substrate ligands during catalysis.
Recruitment of the Mg2* cofactor leads to further enhancement of fragmentation in these
helical regions, a result that parallels the increased catalytic efficiency of AK as these
regions dynamically sample different microstates to carry out the enzymatic function (Figure
3(step 3to 4)). Locking the protein in the transition state with inhibitor AP4A causes
significant suppression of UVPD backbone cleavage efficiency in the al and a3 helices. As
expected this supports that the protein is trapped in a closed but catalytically inactive
conformation (Figure 3(step 4 to 5)). Fragmentation throughout the a1 and a.3 helices is
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again enhanced transitioning to the catalytically active ternary complex containing two ADP
products and the Mg2* cofactor (Figure 3(step 5 to 6)). Removal of the cofactor causes
significant suppression of fragmentation throughout the entire protein, especially in the al
and a3 helices; this corresponds to the step in which the catalytic efficiency of the protein is
markedly decreased (Figure 3(step 6 to 7)). Similar suppression of UVPD is observed as
one ADP product molecule is released implying local unfolding of these regions has ceased
(Figure 3(step 7 to 8)). Loss of the second product ADP molecule to yield apo AK returns
the protein to an open, inactive conformation, suggested by the significant enhancement in
UVPD cleavage efficiency throughout the three a-helices (Figure 3(step 8 to 1)). In general,
tracking the variations in UVPD fragmentation for various snapshots of the catalytic cycle
specifically implicates the a-helices of the AMPyq and the adenosine binding regions of
AMP and ATP as key features that undergo significant reorganization during the catalytic
reaction trajectory of AK (Figure 4). This corresponds well to established results, but
caution must be taken when comparing gas-phase data to results from solution.10.12.14-19.22
Previous in vacuum molecular dynamics simulations of AK conclude that although the
absolute magnitude of the fluctuations is different in the gas phase (as would be expected
without solvent present), the same regions of the protein (AMPyq4 and ATP| |p) have the
highest rms deviation values from the crystal structure during ligand binding and catalysis
for both solution and the gas phase.66-68

Examining the Impact of the Mg2* Cofactor

Metal ion cofactors are often required for enzyme catalysis but controversies regarding the
specific role of Mg cofactors in kinase catalysis remain. Specifically, some kinases are
activated by a single Mg2* ion while for others binding of additional Mg?* might be
necessary or may result in inhibition of the enzyme.22 A recent comprehensive study of the
energy landscape of AK during its reaction cycle investigated the mechanism of transition
state stabilization and demonstrated a single divalent Mg2* ion as a key player in both
orienting active site groups on the ligands for efficient phosphoryl transfer and facilitating
opening of the AMPyq and ATPiq after reaction catalysis.?2 In addition to balancing the
negative charge of the adenosine phosphate ligands in the active site, the positively charged
Mg?2* maintains its position during the transition state and acts as an electrostatic pivot to
anchor the donor phosphory!l group for a more favorable nucleophilic attack by the oxygen
of the acceptor ligand.22.69

UVPD-MS provides complementary insight into changes of the protein conformation in
response to the recruitment or release of the Mg2* cofactor during the catalytic cycle.
Examining the variations in AK fragmentation after binding and release of the metal ion
reveals residues that may be engaging in new interactions (suppressed backbone cleavage) or
are situated in regions that become flexible after weakening of previous interactions
(enhanced backbone cleavage).3941 Figure S14 gives an expanded view of steps 3—7 from
Figure 3 demonstrating the enhancement (red) and suppression (blue) of UVPD upon
addition of the Mg2* cofactor (step 3 to 4), locking into the transition state (step 4 to 5),
yielding two ADP molecules (step 5 to 6), and releasing the Mg?* cofactor (step 6 to 7). The
green ovals in Figure S14 highlight two regions that are engaged in stabilizing interactions
with the phosphate groups of the adenosine substrates and exhibit significant variation in
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UVPD backbone cleavage efficiency as the Mg2* cation is recruited and released. In
particular, enhancement in fragmentation of the loop binding the phosphates of ATP (G15—
K21) is observed upon Mg2* binding (Figure S14(step 3to 4) and Figure 3(step 3to 4)).
This result supports the role of Mg2* in interrupting intramolecular interactions between the
side-chains of the protein and the phosphates of the ligand to accelerate opening the AMPpq
and ATP)iq regions after catalysis of the phosphoryl transfer. Conversely locking the enzyme
in a transition-like state with the AP4A inhibitor causes suppression of fragmentation in that
same loop region (G15-K21) as well as a second loop region (K63-V67) engaged in
interactions with the phosphate of AMP (Figure S14(step 4 to 5) and Figure 3(step 4t05)),
suggesting that for this complex these stabilizing interactions have been re-established.
Returning the enzyme to its catalytically active state with Mg?* present once again yields
enhanced backbone cleavage in these two loop regions (Figure S14(step 5to 6) and Figure
3(step 5to 6)). Removal of the Mg2* cofactor results in suppression of fragmentation of the
loop adjacent to the phosphate groups of ATP (G15-K21) as the cation is no longer present
to disrupt these interactions (Figure S14(step 6 to 7) and Figure 3(step 6to 7)). The
conformational impact of addition and removal of the Mg2* cofactor on AK revealed by
UVPD-MS recapitulates the important role of the cation in stabilizing groups involved in
phosphoryl transfer and accelerating opening of the enzyme after catalysis.2?

Tracking Conserved Residue R138 during the Catalytic Cycle

The active site residue R138, conserved across all species of AK, has previously been
implicated as a significant factor for catalysis by this enzyme. Mutation of this residue, even
to a similarly positively charged Lys, drastically inhibits the rate of enzyme turnover for
AK.70 This finding implies that the specific guanidinium interaction with the B-phosphate of
the donor substrate is necessary, an interaction not replicated by a surrogate positively
charged group.22 Additionally, x-ray crystallographic analysis of transition-state AK
structures reveals that R138 shifts in concert to mirror the position of the donor phosphoryl
group.22 However previous quantification of phosphoryl transfer and lid opening rates for an
R138K mutant revealed that the R to K mutation only influenced the rate of transfer of the
phosphoryl group, but not the rate of opening of the ATP);q region after catalysis.??

Tracking the variations in UVPD backbone cleavage efficiency specifically for R138 at
various steps along the reaction trajectory supports these findings. The position of R138 is
indicated by a gray dotted line in Figure 2. The most notable variations in fragmentation at
this amino acid backbone position occur during steps 4 to 5, 5 to 6, and 6 to 7. As the
enzyme is locked into a catalytically inactive state bound to AP4A (Figure 2(step 4to 5)),
the backbone cleavage efficiency is suppressed suggesting that the residue is strongly
interacting with the phosphate of the donor substrate. Return of the enzyme to a catalytically
active state (Figure 2(step 5 to 6)) results in significantly enhanced cleavage at R138
implying that the segment containing this residue regains flexibility, engaging in only
transient interactions as it mirrors the movement of the donor phosphoryl group. Loss of the
Mg?2* cofactor (Figure 2(step 6 to 7)) lowers the catalytic activity of the enzyme, and once
again cleavage at R138 is suppressed suggesting a loss of dynamic flexibility and
engagement in interactions with the donor phosphoryl group. Upon examination of the holo
ions produced upon UVPD of the ternary AKeAMP+ATP complex, R138 was directly
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identified as interacting strongly with ATP. This result implies that the enhancement and
suppression of the cleavage at this residue arises from its interaction with the phosphoryl
group of the donor ligand and not some other stabilizing interaction (Figure S11B(3)).
Additionally, if R138 was directly involved in lid opening, suppression of cleavage at this
residue for the catalytically inactive complex (AK<AP4A) would be expected instead of the
observed enhancement (Figure 3(step 4 to 5)). Nevertheless, in vacuum molecular dynamics
simulations tracking the deviations of R138 from the crystal structure throughout catalysis
could further confirm these findings and validate the comparison of gas-phase UVPD-MS
data to crystal structure analysis. 2

CONCLUSION

UVPD-MS provides multiple layers of information on the individual contributions of
structural dynamics, metal cofactors, and side-chain chemistries during enzyme catalysis.
Variations in UVPD backbone cleavage efficiencies were monitored to examine the dynamic
plasticity of different stable states of adenylate kinase by changing the nature of the ligand to
mimic the enzyme’s catalytic cycle. Changes in fragmentation efficiencies are attributed to
differences in the intra- and intermolecular interactions in which the residues of AK engage
as the protein binds each of the substrates, recruits a divalent cofactor (Mg2*), carries out the
phosphoryl-transfer reaction, and releases the product molecules. Three a-helices of the
AMP,4 and the adenosine binding regions of AMP and ATP were implicated as undergoing
conformational fluctuations during a global open-to-closed transition as the protein samples
various structural microstates to optimize the environment for phosphoryl transfer and
suppress hydrolysis. Additionally, changes in UVPD fragmentation efficiency for amino
acids in the active site of the enzyme upon recruitment and removal of a divalent Mg2*
cofactor by the ternary complex highlights two loop regions that engage in interactions with
the phosphate groups of the substrates. This finding supports the role of Mg2* in
accelerating opening of the AMPy and ATP;q regions by disrupting electrostatic
interactions between the side-chains and bound ligands. UVPD-MS also allowed the
conformational variations of the conserved active site residue R138, known to aid in transfer
of the phosphoryl group from the donor to the acceptor ligand, to be tracked. Suppression of
cleavage efficiency when the enzyme is catalytically active and observation of ATP-bound
holo ions at this residue echo the role of R138 in aiding the catalysis of the phosphoryl
transfer. Pairing UVPD-MS with more extensive molecular dynamics simulations and
integrating complementary data from other biophysical tools, such as vibrational Stark effect
spectroscopy,’t will allow further validation of UVPD as a probe of protein conformation
and help unravel the fundamental underpinnings of the UVPD mechanism with respect to
the dominant structural or chemical factors that influence the variations in protein
fragmentation caused by UVPD. In summary, this study establishes a new level of fine
structural detail that can be probed with UVPD-MS. UVPD-MS appears to be sensitive to
the dynamic conformational equilibria that exist as AK samples various structural
microstates in the presence of substrates to align reactive atoms during catalysis.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Potential adenosine phosphate ligand binding residues derived from overlapping N- and C-
terminal holo fragment ions produced by UVPD of (A) binary and (B) ternary AKeligand
complexes represented as red spheres in space-filling models of the crystal structure of the

protein bound to AP4A (PDB ID: 2C95).
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Figure2.
Difference plots showing the change in summed abundances of holo and apo fragment ions

produced upon UVPD of each AKeligand complex throughout the entire catalytic cycle of
the enzyme. The UVPD fragmentation plot for each individual complex is shown in Figure
S3. The dotted line indicates the position of R138. Relevant helices (a1, a2, a.3) and regions
(adenosine binding regions of AMP and ATP, AMPyq, ATPiq) are labelled underneath the x-
axis using colors corresponding to Figure 4.
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Figure 3.
Tracking the enhancement (red) and suppression (blue) of UVPD throughout the entire

catalytic cycle impressed on a crystal structure of AK bound to AP4A (PDB ID: 2C95): apo
AK binding to form binary complexes (step 1 to 2A,B), each transitioning to the ternary
complex (step 2A,B to 3), recruiting the Mg2* cofactor (step 3 to 4), closing into the
transition state (step 4 to 5), producing two ADP molecules (step 5 to 6), losing the cofactor
(step 6 to 7), and releasing ADP (step 8 to 1). The colored regions reflect statistically
significant changes in UVPD backbone cleavage efficiency for the difference plots shown in
Figure 2. Three key helices are labelled in step 1 to 2A.

Anal Chem. Author manuscript; available in PMC 2019 January 02.



1duosnuepy Joyiny 1duosnuely Joyiny 1duosnuepy Joyiny

1duosnuely Joyiny

Mehaffey et al.

Page 16

M a1 helix (Q24-G33) M ATP adenosine binding
. . region (G18-T23)
M a2 helix (T39-S49) B AMP adenosine
a3 helix (S51-K63) binding region (E65-
V67, G94-R97)

Figure 4.
Five regions of the protein consistently undergoing significant fragmentation changes based

on UVPD, indicative of conformational changes throughout the enzymatic cycle highlighted
on the crystal structure of AK bound to AP4A (PDB ID: 2C95).
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