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ABSTRACT: Electrosprayed protein ions can retain native-like conformations. The intramolecular
contacts that stabilize these compact gas phase structures remain poorly understood. Recent work
has uncovered abundant salt bridges in electrosprayed proteins. Salt bridges are zwitterionic BH"/A"
contacts. The low dielectric constant in the vacuum strengthens electrostatic interactions, suggesting
that salt bridges could be a key contributor to the retention of compact protein structures. A problem
with this assertion is that H™ are mobile, such that H" transfer can convert salt bridges into neutral
BYHA? contacts. This possible salt bridge annihilation puts into question the role of zwitterionic
motifs in the gas phase, and it calls for a detailed analysis of BH"/A" vs. BY/HA? interactions. Here
we investigate this issue using molecular dynamics (MD) simulations and electrospray experiments.
MD data for short model peptides revealed that salt bridges with static H" have dissociation energies
around 700 kJ mol™!. The corresponding B’/HA contacts are one order of magnitude weaker. When
considering the effects of mobile H", BH/A" bond energies were found to be between these two
extremes, confirming that H" migration can significantly weaken salt bridges. Next, we examined
the protein ubiquitin under collision-induced unfolding (CIU) conditions. CIU simulations were
conducted using three different MD models: (i) Positive-only runs with static H" did not allow for
salt bridge formation and produced highly expanded CIU structures. (ii) Zwitterionic runs with static
H' resulted in abundant salt bridges, culminating in much more compact CIU structures. (iii) Mobile
H" simulations allowed for the dynamic formation/annihilation of salt bridges, generating CIU
structures intermediate between scenarios (i) and (ii). Our results uncover that mobile H' limit the
stabilizing effects of salt bridges in the gas phase. Failure to consider the effects of mobile H' in

MD simulations will result in unrealistic outcomes under CIU conditions.



Introduction

In aqueous solution, most proteins spontaneously fold into compact structures.! Deciphering the
interplay of stabilizing and destabilizing factors that shape these native conformations remains a
formidable challenge.”* A major contributor to the stability of the native state in solution is the
clustering of hydrophobic residues in the core, reflecting the tendency of nonpolar side chains to
avoid water." 3 Native proteins are also stabilized by H-bonds and van der Waals interactions.
Another factor that is often mentioned in this context is the formation of salt bridges.°

A salt bridge is a zwitterionic contact between a protonated basic site (BH') and a
deprotonated acidic site (A"). BH" can be Arg®, Lys", His", or the N-terminus (NT"), while A™ can
be a carboxylate of Glu", Asp’, or the C-terminus (CT"). In addition to electrostatic attraction, each
salt bridge involves at least one H-bond.”® Crystallography has shown that most salt bridges are on
the protein surface.” The role of these contacts for proteins in solution remains unclear. Salt bridge
formation requires partial desolvation of BH" and A", a process that is energetically unfavorable.®
10 Also, attractive positive/negative interactions are weakened by the high dielectric constant of
water, and by dissolved salts that cause Debye-Hiickel screening.” '! As a result, the stabilizing
effects of salt bridges in solution are likely very small.®!!

Electrospray ionization (ESI)'? generates gaseous biomolecular ions, creating opportunities
for protein stability studies complementary to those in solution. [M + zHJ*" protein ions produced
by “native” ESI can maintain solution-like conformations.'>?! This structural robustness has been
attributed to kinetic trapping, i.e., the presence of large activation barriers that preclude transitions
to thermodynamically stable gas phase structures.!”> 22> Many aspects of gaseous proteins remain
poorly understood,'” 2 27 largely because mass spectrometry (MS) and ion mobility spectrometry
(IMS) experiments only provide low-resolution structural insights. Molecular dynamics (MD)

simulations have therefore become an important tool in this area.?* 26-28-34



Solvent removal during ESI has profound implications for intramolecular contacts. The lack
of water implies a substantial weakening of the hydrophobic effect.?* 33-3 The change in dielectric
constant from water (¢ = 80) to vacuum (¢ = 1) strengthens electrostatic interactions, keeping in
mind the 1/e dependence in Coulomb’s Law.> 3% % Thus, salt bridges should be much more stable
in vacuum than in water.> * Some studies even suggest that gas phase salt bridges can be more
stable than covalent bonds.** ! Despite this seemingly straightforward assertion, the role of salt
bridges in the gas phase is yet to be fully explored.

As a starting point, one has to ask if salt bridges can even exist in the gas phase. Early studies
suggested that the high proton affinity (PA) of carboxylates will annihilate salt bridges via H"

transfer, thereby generating charge-neutralized motifs.** 43

BH/A- — BYHA® (1)
@

Accordingly, many gas phase MD studies on [M + zHJ" ions have been conducted in “positive-
only” mode, i.e., by allowing for exactly z BH" sites without any A".% 2% 324 However, recent
experimental and computational work has uncovered that zwitterionic motifs including salt bridges
can be highly abundant in electrosprayed biomolecular ions.3% 3! 45-50

A back-of-the-envelope calculation® qualitatively illustrates under what conditions a salt

bridge can exist in the gas phase (Figure 1A). When treating BH" and A~ as point charges, and when

neglecting entropy effects (7]AS] << ,% the free energy of reaction 1 can be expressed as
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AG = PA(B) — PA(A) + 2)

Figure 1 displays AG as a function of distance » between the two point charges, using P4 values of

Lys and Asp™. The zwitterionic state Lys'/Asp™ is favored when the distance is small (AG > 0 for r



< 0.26 nm), as AG is dominated by the electrostatic attraction between the two charges. For larger
distances the electrostatic attraction diminishes, favoring charge-neutralized Lys®/Asp® (AG < 0 for
r>0.26 nm). Such H" transfer is in line with QM/MM data,> reflecting the mobile nature of H' in
gaseous proteins.’>>® Similarly, salt-bridged Sers™ clusters release Ser’ moieties upon collisional
activation, suggesting that dissociation is concomitant with salt bridge neutralization.>” Numerous
studies*5-49 support the prediction of Figure 1B that gas phase salt bridges exist only for base/acid
sites that are in close proximity to one another. Figure 1C plots the distance dependence of the
Lys*/Asp potential energy (V(r) = -PA(Lys) — €*/4neo), as well as V(r) = -PA(Asp’) for the Lys®/Asp’
neutralized form. As r increases, H' transfer causes a crossover from the former to the latter V(r)
profile, generating an effective V() that is indicated by the magenta dots in Figure 1C.

To be clear, the simple model of eq. 2 (Figure 1) was introduced only to highlight the
problem in a qualitative fashion. For predicting the protonation state of a base/acid pair more

47, 55, 58-60

accurately, one has to consider charge solvation and H-bonding between the base/acid

moieties.”® The MD data discussed below take into account all of these details, as well as Lennard-
Jones interactions among the participating atoms (see below).%

The preceding considerations highlight an interesting conundrum. On the one hand, salt
bridges are expected to be very strong in a low dielectric vacuum environment.> *>> 4’ They should
therefore help preserve compact conformations in the gas phase.>* *>4” On the other hand, salt
bridges appear to be fragile because they can undergo annihilation via H' transfer - although the
neutralized BY/HA® may still stabilize the protein to some extent by retaining H-bonding.>* Thus,
much remains to be learned regarding the role of salt-bridged vs. neutral base/acid contacts in the
gas phase.

21,49,

The stability of gaseous proteins can be probed by exposing them to collisional heating.

61-66 Collisions with background gas gradually raise the internal energy and trigger collision-induced



Figure 2. MD pulling results for peptide 1 (Gly-Lys-Ala) and peptide 2 (Ala-Glu-Gly) in the gas
phase. The Lys/Glu side chains are engaged in noncovalent contacts. Peptide 1 is being pulled,
peptide 2 is immobilized. (A-C) Salt-bridged Lys"/Glu scenario. (D-F) Neutralized Lys’/Glu°
scenario. Panels A/D: Representative MD snapshots, with Lys/Glu shown as spheres. Panels B/E:
Pulling force F(¢). Panel C: Distance of the closest Lys-H O-Glu contact vs. time. Panel F: Distance
of the Lys-N H-Glu contact vs. time. Time profiles show overlays of five independent runs for each
condition. Vertical lines in B/C indicates where Lys"/Glu” would convert to Lys’/Glu® (although this
H" transfer event was not allowed to take place for the runs in this figure).
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Figure 3. ESI-MS and collision-induced unfolding of [ubiquitin + 6H]®* on a Synapt G2Si
instrument. The trap collision energy (“CE”) that controls the extent of collisional heating is
indicated in each panel. (A) Native ESI mass spectrum. (B) Same as in panel A, but after quadrupole
selection of the 6+ charge state. (C) Same as in panel B, but with extensive collisional activation
that starts to rupture covalent bonds. Some CID products are annotated (fragment ion identification
was performed using the UCSF Protein Prospector; see Figure S4 for additional details). (D-G)
Collision cross section distributions at different collision energies.
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Figure 4. Snapshots taken from MD trajectories during heating of gaseous [ubiquitin + 6H]**. The
protein ions were equilibrated at 300 K for 30 ns, followed by gradual heating to 1000 K over 100
ns. (A) Positive-only scenario with static H". (B) Zwitterionic scenario with static H'. (C) MD
simulation with mobile H". Titratable side chains are shown as sticks; Arg/Lys/His in cyan and

Glu/Asp in pale red. Blue and red spheres represent BH" and A sites, respectively.
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Figure 5. MD results for heating of [ubiquitin + 6H]®" in the gas phase. The temperature profile for
these CIU simulations is indicated along the top, i.e., 30 ns of equilibration at 300 K, followed by
100 ns of gradual heating up to 1000 K. (A) Number of negative charges (A" sites) in mobile H"
simulations. (B) Radius of gyration (Rg) for runs conducted under different conditions: static H"
(positive-only), static H (zwitterionic), and with mobile H'. (C) Q values of the MD-generated
structures. Dashed lines indicate experimental Q values. All MD profiles are averages of five
independent simulations for each condition; error bars represent standard deviations.
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