Figure 5.1: The OmpA channel protein, simulated with DCP lipids and a 3 A water
layer. The OmpA protein is color coded according to its calculated temperature fac-
tor, which is indicative of structural flexibility, with turqoise being zero and magenta
being >100 A2, The system is seen from the side (top row) and from the top (bot-
tom row) of the barrel. The leftmost column depicts the structure in solution. The two
rightmost columns depict the complex in the gas-phase at the start of simulation, and
after 200 ns, respectively.

Figure 5.2: Simulated CTAB micelles that undergo inversion in the gas-phase. Time
passed since the start of simulation is a) 0 ns, b) 3.5 ns, c¢) 4.0 ns, and 10.0 ns.
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ture of OmpA remains intact, with the exception of loop regions protruding
from the barrel that comprises the most of the protein. The results show that
the structure of membrane proteins can also be preserved on a fine level under
such conditions and time scales (150 ns).

5.2.2 Relation to Scientific Context

Several observations from experiments and simulations indicate that changes
in the structure and thermodynamic properties of proteins occur at ~ 30%
mass-to-mass ratio between water and protein; both in the crystal [156], in
the gas phase [152, 155], and upon re-hydration of dry protein [157, 158]. In
aqueous solution, the first solvation shell of a protein has been suggested to be
~ 15% more dense than bulk water [159], which would imply that this water
is intertwined with the solute structure. With this in mind, it is not surprising
to see how a single solvation shell help to maintain a native-like structure in
the gas-phase, similar to the effect of structural water in a protein crystal.

After the publication of Paper I, other similar computational studies ap-
peared in the literature, most notably a systematic investigation of the effects
of vacuum conditions, and the influence of protonation state (native vs. cal-
culated), on a wide set of protein folds over hundreds of nanoseconds [160].
That study corroborates the collected several of the findings from Papers I-
III, and shows how re-hydration rapidly allows the protein to reverse any slight
changes to the structure brought on by the low-pressure conditions. It is shown
that the absence of water reduces protein flexibility, thereby preventing escape
form a kinetically trapped conformation. Furthermore, the protonation state
had only minor effect on gas-phase properties like hydrogen bonds, struc-
tural drift, and entropy. This latter finding is not likely to be true in general,
and it is in contradiction with experimental evidence that show how features
of the gas-phase structure correlates with charge state [44] and protonation
state [90, 107].

The preservation of membrane-protein structure mentioned in Paper Il is in
line with the findings of Robinson and coworkers, who electrosprayed mem-
brane protein complexes embedded in micelles, and could show how the for-
mer remain intact in the process [12]. The simulations in Paper III, and publi-
cations referenced therein, provide additional detail regarding the structure of
both micelle and protein.

The temperatures in the simulations are to some extent expected to be de-
pendent on the choice of forcefield. Therefore, it is reassuring to see that the
gas-phase simulations approach the temperatures reached in experiments. It
was speculated in the beginning of this section that the systems starting at
425 K would cool toward similar temperatures as the others (~ 250 K), if all
water was to evaporate. This would depend largely on the experimental setup;
it has been shown that such a de-hydration process can take a long time, on
the time scale of seconds, in FTICR-MS [31, 32, 155]. This implies that the
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initially hydrated systems will, if handled gently, retain part of their residual
solvent on the time scales required for delivery into mass analyzers, X-ray
free-electron lasers, etc.

5.2.3 Dynamic Protonation with Instantaneous Charge
Exchange

A major result of the work is the development of ICE: a method to quanti-
tatively describe proton-transfer reactions. It is focused on kinetics, and ful-
fills the requirements stated in Chapter 4, and is presented in Paper IV. With
the parameters used, it renders reasonable transfer distances [161], transfer
rates [140, 150], and more importantly, diffusion coefficients that are close to
what has been derived from experimental observations [125, 126]. The latter
capability can in part be attributed to the underlying treatment of the trans-
ferred proton as a quantum particle [145]. Energy is conserved within ICE,
and the difference to Q-Hop in this respect is obvious from Fig. 1 in Paper IV.
Competing reactions are handled properly, but admittedly this is not excepted
to be very important for the test systems in Paper IV. However, the effect of
this treatment is expected to be more pronounced and have an impact on static
properties (i.e. pK, of titrating sites) on the surface or in the cavity of a pro-
tein, or in the proton-conductive wires of aminoacids that were proposed by
Nagle [162]. The importance of a dynamic view on acid—base chemistry in
biomolecular systems can be illustrated by an example: Histidine sidechains
have a pK, close to seven, which means that their protonation state fluctuates
near physiological pH, and responds strongly to the electrostatic surround-
ings. With a static protonation state, histidines behave unrealistically in sim-
ulations, but with a rigorously parameterized ICE this would not be the case
even for systems that undergo large structural changes.

Since ICE alleviates the need for short integration time steps that
several other computational protonation protocols impose, it allows longer
simulations with more exhaustive phase-space sampling within a given time
span. This, together with its emphasis on correct kinetics, makes it suitable
for studying protonation-state transitions following de-hydration of gas-phase
proteins in atomistic detail. The strictly imposed energy conservation makes
ICE a better choice than similar methods, because it generates the proper
ensemble, also without a thermostat. With such a method, protonation-state
distributions can, in principle, be calculated. The range of applications is
much wider, however. Acid—base reactions are important in many biological
and chemical systems. By introducing proton-transfer reactions in molecular
dynamics, the predictive power increases significantly.
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5.3 Implications

Many experiments rely on native-like gas-phase biomolecular structure, but
the fine level of structural detail, and how it relates to the case in solution, is
hard to resolve by experimental means. It is crucial, if conclusions from such
experiments are to be valid in solution or in vivo, that the gas-phase structure
resembles that in solution or that a direct correspondence can be established
between them. It was shown—on the basis of the simulations in Paper I-III,
their synthesis in section 5.2.1, and how the findings relate to other knowledge
in the scientific literature—that proteins are trapped in a native-like conforma-
tion if a small amount of residual solvent is allowed to remain as the proteins
are transferred to the gas phase. Similar to the effect seen with residual water,
a lipid envelope offers protection to the structure of membrane proteins. Since
proteins with residual solvent were shown to cool rapidly from high temper-
atures in the simulations, the native-like structure can be preserved even if
active de-hydration through heating is employed in the aerosolization process
(e.g. the capillary heater that is sometimes used in electrospray mass spec-
trometry). The observation that the initially rapid cooling slows down over
time more than what the decrease in number of water molecules and tem-
perature can explain implies that a fraction of the first solvation layer is more
strongly bound to the protein. This would mean that part of the residual solvent
is sacrificed to cool the protein, whereas another part of the solvent provides
structural protection over longer time scales. Hence, the findings in this thesis
ought to be reassuring for mass spectrometrists and other experimentalists that
rely on native-like molecular structure in aerosols. The findings are therefore
promising for successful high-resolution structure determination with single
particle imaging.

Although the total number of simulation in each of Paper I-III is large,
there are only three copies per combination of protein, temperature, solvent
layer, and forcefield. clearly, the statistics from the simulations could be im-
proved. More trajectories per parameter combination would strengthen such
similar investigations. It should be stressed that not all gas-phase experiments
require native-like structures and that full de-hydration is sometimes more
important. The methodology presented in this thesis can be applied to model
the processes in such experiments too. Inclusion of dynamic proton transfer
would further improve simulation of gas-phase proteins; proton transfer in the
late stages of protein aerosolization is part of what determines the protonation
state of the protein. In fact, it seems necessary to include such mechanisms if
complete gas-phase de-hydration of a protein is to be simulated. Without it,
the protein will in most cases have an unrealistic protonation state—either be-
fore, or after de-hydration; or in the worse case, both. With ICE in conjunction
with more (and preferably longer) trajectories, statistically relevant predic-
tions about protonation-state distributions and the impact on protein structure
could be obtained.
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The ICE simulations in Paper IV used a rather crude correction for
the absence of polarization. It relates to Warshel’s interpretation of
dielectric constants, namely, that they are mean-field compensation for
electrostatic effects that are not explicitly taken into account [84]. Hence,
the approach could be problematic in the same way as the assignment of
a constant dielectric constant to a protein interior [82, 84]. Hence, ICE
simulations of inhomogeneous systems would benefit from being run with a
polarizable forcefield. Incidently, there are also good reasons for including
polarization in simulations of gas-phase biomolecules explicitly. The vacuum
interface provides a different environment than what the static charges of
commonly used force fields were parameterized for, and therefore a po-
larizable forcefield is expected to reduce artifacts that may arise from this fact.

Two main accomplishments have emerged from the work described in this

thesis:

e The development of a general computational method for describing proton-
transfer reactions in biology and chemistry

e Quantitative predictions for the behavior of proteins and micellar aggre-
gates in the gas phase.

The work on proton transfer sprang out from the necessity to understand the

charge state and the dynamics of proteins in the gas phase. The expected im-

pact of the work on proton-transfer reactions is larger than understanding pro-

teins in the gas phase. Proton-transfer reactions are fundamental to practically

all phenomena in biology. A quantitatively accurate and computationally ef-

ficient description of these processes has the potential to transform computa-

tional biology.
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6. Sammanfattning pa svenska

Biokemisk funktion och biofysikaliska egenskaper hos proteiner och andra
biomolekyler dr starkt sammankopplade med molekylernas tredimensionella
strukturer. Ett flertal tekniker anviénds flitigt for att i detalj kartldgga protein-
strukturer i syfte att bland annat finna potentiella 1ikemedel som interagerar
specifikt med proteinerna i en organism. Olika tekniker kréver prover i olika
tillstand, vilket medfor vissa specifika begransningar pa vad som kan studeras
med de enskilda teknikerna. Inom t.ex. masspktrometri kan proteiner stud-
eras bade med avseende pa strukturella och kemiska egenskaper, dock endast
i gasfas, d.v.s. i en atmosfir helt eller néstan helt utan 16sningsmedel sasom
vatten. Strukturdetaljerna &r i regel endast indirekt métbara, sa vissa antagan-
den maste goras om de molekylslag som studeras och hur det observerbara
kan relateras till den faktiska strukturen. I experiment dir andra egenskaper dn
strukturen star i fokus kommer strukturen likvil att paverka resultaten efterom
den har inverkan pa 6vriga fyskikaliska och kemiska egenskaper. Fragan dr da
i vilken utstrackning de tolkningar av gasfasexperiment pa biomolekyler som
finns i den vetenskapliga litteraturen &r riktiga, nér avgdrande processer inte
direkt kan observeras i detalj i experimenten. Fragan kan tyckas provokativ,
men har stor relevans eftersom sddana experiment — i synnerhet masspek-
trometri — dr utbredda i laboratorier vérlden 6ver.

Denna avhandling skrevs i syfte att utréna i vilken utstrickning framst
proteinstrukturer, men #ven andra biomolekyler, bibehéller sin nativa
struktur nir de Overfors till gasfas. Med hjidlp av molekyldrdnamiska
simuleringar kan kvantitativa modeller och forutsidgelser goras pa atomniva
om hur biomolekyler beter sig, bland annat i gasfas. P4 grundval av sddana
simuleringar dras i denna avhandling slutsatser om de processer som bidrar
till att stabilisera strukturen, samt om de experimentella villkor som krivs
for bibehallen struktur i gasfas. Vidare presenteras en ny simuleringsmetod,
som utevklats i samband med avhandlingens tillblivelse, for att inkludera
syra—basreaktioner i berikningarna. Sadana reaktioner har visat sig ha
konekvenser for proteinstrukturer i gasfas. Anvidndningsomradet dr dock
bredare dn s, eftersom syra—basreakioner dr av vikt for de allra flesta
biologiska processer. Sédledes har metoden potential att avsevirt utoka
den méingd av molekyldra processer som kan studeras med hjidlp av
molekyldrdynamisk simulering.

Resultaten visar hur proteiner bibehaller en struktur som starkt liknar den
nativa strukturen i 16sning, nédr de dverfors till gasfas, om forutsittningarna
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ar de rétta. Om en smirre méngd vatten tillats sitta kvar pa proteinet bevaras
strukturen, huvudsakligen genom tva mekanismer: For det forsta kyls pro-
teinet ned eftersom vattenmolekyler adunstar, vilket dr en endotermisk process
som tar energi fran proteinet och ddrmed sidnker temperaturen. Ligre tem-
peratur gor vidare att de eventuella processer som kan bidra till att forstéra
strukturen saktar ned eller stannar av. For det andra tycks en del av vattet vara
hardare bundet till proteinet och stabiliserar strukturen. Aven intramolekyléira
interaktioner kan bidra till att stabilisera strukturen; vitebindningar inom pro-
teinet tilltar i antal och ger stadga at strukturen. Dessa effekter bidrar till att
lasa ett protein i en struktur som &r néra den nativa. Membranproteiner, som
har en hydrofob del som i cellerna dr inbdddad i lipidmembran, kan ocksa
bibehélla sin struktur om de delvis inkapslas i lipider nir de 6verfors till gas-
fas. Likasa tycks vissa typer av lipidaggregat kunna dverforas till gasfas i utan
att deras kollektiva struktur kollapsar under de tidsrymder simuleringarna om-
fattade (100 nanosekunder), medan aggregat av andra lipidslag snabbt vinds
ut och in.

Under arbetet med simulering av proteiner i gasfas blev det tydligt att pro-
teiners protoneringstillstdnd, d.v.s. hur ett proteins elektrostatiska laddning &r
fordelad, i sig utgor ett komplicerat problem inom simuleringsomradet rent
generellt som har konsekvenser for proteiner i gasfas mer specifikt. Det foran-
ledde utvecklandet av en metod (instantaneous charge exchange, ICE) for att
inkludera protontverforing, alltsa syra—basreaktioner, i simuleringarna. Tester
pa enkla kemiska system visade fordelar gentemot andra, liknande metoder.
Mer specifikt medfor ICE strikt energikonservering, den dr snabb, samt har en
realistisk kinetisk modell som skiljer den fran andra metoder.

Resutaten som presenteras i avhandlingen torde vara stirkande for exper-
imentalister som gor gasfasstudier av biomolekyler. De visar hur strukturen
kan bavaras under ritt forutséttningar, samt ger en fingervisning vilka exper-
imentella villkor som ger upphov till de forutséttnignarna. Vidare kan avhan-
dlingen lidsas som ett protokoll for gasfassimuleringar av biomolekyler, efter-
som de simuleringar som utgor basen for avhandlingen var de forsta i sitt slag
pa dessa tidsskalor (10-100 nanosekunder) '. ICE omintetgér i princip be-
hovet av de antaganden om proteinernas laddning som var tvungna att goras
i samband med de gasfassimuleringar som gjorts i samband med avhandlin-
gens artiklar. Kombinationen av ICE och de simuleringsmetoder som anvénts i
ovrigt i avhandlingen kan komma att spela en framtridande roll inom berdkn-
ingsbiologi framover.

' Andra molekylirdynamiska simuleringar har gjorts pa betydligt lingre tidsskalor &n sa.
Forhallandena i gasfas kriver emellertid sirskild noggrannhet som gor det svarare att gora
tillforlitliga simuleringar.
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