Chapter 6

Hydrogen bonding pattern of
cytochrome ¢

6.1 Introduction

Experimental determination of the hydrogen-deuteriunharge rates by means of NMR spec-
troscopy is a powerful tool to provide information on pratstructure, stability and the onset
of protein unfolding. The exchange of tacked molecular bgdn with hydrogen of the sol-
vent, which for small solute molecules is a fast and simpkenubal exchange reaction, may
exhibit complex dynamic features if studied with proteiwhere hydrogen exchange may be
slowed down exhibiting non-exponential behavior or eveblbeked. The hydrogen exchange
kinetics can be affected by the protein environment due t@beffects or properties of sec-
ondary structure where the lifetime of backbone hydrogemdbanay depend on flexibility
and stability of the underlying structural motives. In sooases hydrogen exchange can oc-
cur only after local or even global unfolding events invalyiseveral amino acids, in other
cases also small local fluctuations may be sufficient to attovihhydrogen exchange reactions
[147, 148, 149, 150, 151, 152]. Determination of exchangetiés of backbone amide hydro-
gens (NH) in a protein under native conditions can give imsigto stability and fluctuations
of the folded polypeptide chain with local resolution, dafgymore and less stable regions,
according to their hydrogen exchange kinetics [150, 153, 155, 156]. Under denaturing
conditions one can monitor structural rearrangements disaswdocal and global unfolding
events [157, 158]. Molecular dynamics (MD) can usefully pbement backbone hydrogen
exchange experiments, since it provides a detailed déiseripf hydrogen bonds under var-
ious conditions. Fluctuations in the hydrogen bondingguatduring an MD simulation can
be easily analyzed and successfully compared to expersngatding information on the ten-
dency of helix and sheet structures to open up, which retatteir stability [159]. A critical
aspect of such attempts is the fact that exchange cannotbebgeMD and the tendency to
exchange hydrogens is inferred from motions of solvent antem atoms which occur on a
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much shorter time scale. However, the comparison of MD datxthange experiments has
successfully been applied and discussed in several sfidies159].

In the present study, we analyzed a small bacterial cytmséro protein (Bcytc), for which
NMR results on backbone hydrogen exchange were recenttytegpbfor the oxidized state
[154]. This protein is the soluble domain of bacterial cytmmme c553 fronBacillus pasteurii.

It contains one heme covalently bound to a pair of cysteisgloes and axially coordinated to
a Met/His pair. It consists of 71 residues only and is thussim@red to be a minimal model
for cytochrome c proteins. In spite of low sequence homqldgy Beytc fold shares struc-
tural features with the more complex mitochondrial cyteche ¢ [161]. The latter has been
investigated by native-state hydrogen exchange providimgxhaustive picture on stability
and folding/unfolding under native conditions [152, 1582l We simulated the dynamics
of oxidized Bcytc under native conditions to describe thepprties of the hydrogen bonding
pattern and its fluctuations and to interpret them in termstalbility of the different parts of
the protein. We compared results from these MD simulatioitk @urrent data from NMR
spectroscopy of backbone hydrogen exchange in Beytc [14]ging a consistent picture on
fluctuation and stability. The aim of our work is thereforeitgestigate the fluctuations of
bacterial cytochrome c in its native state and confirm thatdlations on the ns timescale can
be correlated to data on exchange events.

Fluctuation and disruption of backbone hydrogen bonds neagdnsidered as onset of the
protein unfolding process. Therefore, we also conductedsiniulations to unfold the protein
with a bias potential similarly as we did in a previous study & cold shock protein [163].
We tried to correlate these MD simulation data with hydrogend lifetimes and stability as
obtained from NMR spectroscopy. Surprisingly, these MDuations of protein unfolding
could not reasonably be correlated with the experimenti dad the present MD simulation
results.

6.2 Materials and methods

6.2.1 Structures

The starting conformation for our MD simulations on ba@kdytochrome ¢553 fronBacil-
lus pasteurii (Bcytc) was the average NMR structure of the oxidized prof&64] (PDB code
1K3H) that was energy minimized before usage. We also cermidthe crystal structure of
the oxidized Bceytc (PDB code 1C75) [165] to compare fluctuadiof atomic coordinates cal-
culated from MD simulation data with the corresponding ealderived from experimental
B factors. In the determination of hydrogen bond length flatibns we also considered the
family of 30 conformers that were determined by NMR specinpy [164] (PDB code 1K3G).
The experimentally determined molecular structures domstthe soluble portion of the cy-
tochrome ¢553 that involves 71 amino acids with residue rersitunning from 22 to 92, since
the N-terminal tail, responsible for binding at the cyt@pleatic membrane [166], is lacking.
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6.2.2 Molecular modeling and dynamics

The MD simulations were performed with CHARMM [29]. The hetineits oxidized state
was modeled according to the CHARMMZ22 force field [33]. Theatently bound Cys32
and Cys35 and axially ligated Met 71 and His 36 were modeleddpropriate patches with
harmonic restoring forces. The atomic partial chargesHeraxidized heme were introduced
by maodifying the standard charge set of heme given in the CMMR2 force field, which
refers to the reduced state. The differences of atomicgbartiarges between oxidized and
reduced heme was obtained from the charge sets calculateiti@ifior both heme redox states
and used for electrostatic energy computations [167]. &laésm specific charge differences
were added to the corresponding atom charges of the redwad hharge model given in
the CHARMM22 force field, while maintaining symmetry andaiatet charge of the oxidized
heme state, which is-1 including the two ionized propionates. The same procedia® ap-
plied to the covalently bound Cys 32 and Cys 35 and the axial Meand His 36 ligands.
Also here, we referred to the charge sets used for eledimstamputations [167]. All atomic
charges involving the oxidized heme are given in the suppfgary material of the publica-
tion [168]. The charges from the electrostatic energy cdatjpns were not used directly,
since they refer to a solute model with dielectric constaat4 and to a specific conformation
resulting in a non-symmetrical charge model.

Figure 6.1: NMR structure of cytochrome c frdBnpasteurii used as starting conformation for
MD simulations (PDB code 1K3H) [164]. Secondary structueeents (helices and loops)
are labeled. The heme with its two axial ligands, His36 andn¥eare displayed by balls and
sticks. The picture was generated using MOLSCRIPT [133].

The solvent was modeled using explicit water molecules ddfioy the TIP3P water model
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[44]. The protein was placed in the center of a cubic water dfosize 55 A using periodic
boundary conditions. Excess water molecules with wategemyto protein non-hydrogen
atom distances smaller than 2.8 A were removed. The reguttiolecular system contained
5306 water molecules and with the protein a total of 1697@natoMD trajectories of 3 ns
time range were generated with a time step of 2 fs using thiet@ne propagation algorithm
combined with the shake algorithm to fix the hydrogen atomdblengths. Electrostatic in-
teractions were truncated using a switch function at a twtdfie of 13 A. Temperature was
kept constant at 300 K using the Nosé-Hoover thermostat4d]7, A number of test simula-
tions were also performed with other time propagation dtigars (Verlet at constant energy or
Langevin dynamics) and at temperatures of 250 K and 350 KMIDérajectories were started
after several cycles of energy minimization using the SD AB#R modules of CHARMM
to relax the molecular system. First 1000 SD minimizatiapstwere performed for the water
molecules only, while keeping the protein atom coordinfitei. Next 500 SD steps followed
by 1000 ABNR steps were applied to the protein atoms only amall§i 1000 ABNR steps
were applied to the whole molecular system. All MD simulatiovere computed in parallel
using two CPUs on a Linux PC (AMD Opteron). In this way, a 3ns Blbulation applied to
the molecular system with 16976 atoms needed about 430 heairsme. Root mean square
(RMS) fluctuations of atomic coordinateg,:( position vector of atom n) or specific atom pair
distancesdm = || —'m||) were evaluated as standard deviations with respect tcamaged
coordinates:

N
(Th) = %izlf'(tﬁ (i—1)At) (6.1)

or distances: N
1 .

yielding for instance the RMS fluctuations of the positioratdm n:

Nl

(Bra) = ((Fa— (Fa))?) (6.3)
To monitor structural changes during an MD simulation we akculated the time evolution of
the RMS deviationA’efrn(t), of the whole protein, with respect to a reference set ofdioates
{ref} instead of the average coordinatgg,)}:

1 Natoms %
Ao (t) = Fo(t) —Fref))2 6.4
n(t) (Nammnzln n(t) 15| (6.4

The sumin eq. 6.4 runs over &l;omsbackbone atoms. In the present applications we used the
starting point of the MD simulation, i.e. the energy minigtzprotein structure, as reference
coordinate sefrfef} = {Tn}t=0)- The RMS deviation is calculated with CHARMM using the
ORIENT tool to remove translation and rotation of the wholgleaule.
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6.3 Results

We present here results of MD simulations for Beytc, focgsin the data obtained in a long
term trajectory of 3 ns at T = 300 K generated as describedamtathod section. Varying
temperature in the range 250 K to 350 K did not provide sigaificchanges in the results,
thus, we do not present those in detail. The time evolutiobackbone atom RMS deviation
from the energy minimized starting structure at t = 0 (seebet). is plotted in fig. 6.2. Overall
the protein structure remains stable, although one camabseconstant increase of the RMS
deviation in the first 1.5 ns, followed by a oscillation duestveral structural transitions, like
the one indicated by an arrow in fig. 6.2, left. The most retéwantributions to an increase
of RMS deviation are due to loop regions and L, (fig. 6.1), which are participating in the
structural transitions, as one can observe in fig. 6.2 right pvhere the RMS deviations for the
loop regions are shown individually. For both loops theltBtslS deviation is larger than the
average value for the whole protein, thus, pointing to alletanstability. Also helixa; shows

a remarkable motion on the N-terminal region (see the faligndata on fluctuations). On
the other hand, the remaining parts of the protein are mgie, ivith RMS deviation around
1 A or below for helicesns and as with maxima below 1.5 A (data not shown). Loop L
exhibits peaks in the RMS deviation, which suggest an adicilh between two states, while
loop L; starts fluctuating significantly after about 1 ns of MD sintida. Further protein
regions contributing to an increase of RMS deviation of Bate the chain termini and the
short helixas, next to loop L. fig. 6.3 shows the superposition of the initial Bcytc stanet
with a snapshot taken at 2.8 ns, which is at a maximum of RM&tien close to the end of
the trajectory. The most fluctuating segmenisll, andas in fig. 6.3 are marked by arrows.
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Figure 6.2: Left: Time evolution of RMS deviation accorditigeq. 6.4 averaged over all
backbone atoms of Bcytc referring to the initial set of atogoordinates evaluated from the 3
ns MD simulation at T = 300 K. Structural changes that occwoliring loops Ly and L, are
marked by an arrow. Right: Time evolution of the RMS deviaticevealing the instability of
loops.
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Figure 6.3: Superposition of two snapshots of the Beytatitine, taken at O ns (light gray) and
at 2.8 ns (dark gray). This figure generated by MOLSCRIPT[#&B8nonstrates the motion of
loops Ly and Ly, and of helixaz indicated by arrows.

6.3.1 RMS fluctuations of the Bcytc backbone

The RMS fluctuations of the Bcytc backbone atoms were evedufiom the 3 ns MD tra-
jectory for each atom individually using eq. 6.3. By averagthese RMS fluctuations over
all backbone atoms belonging to a given residue, we got aumead the flexibility of each
residue. These residue specific averaged fluctuations werpared to the experimental fluc-
tuations given by the B factors from the crystallographitadaf Bcytc [165] (fig. 6.4). The
latter are obtained by applying the relatioiir,)ex, = \/%. In fig. 6.3, the lower open cir-
cles represent the RMS fluctuations for the 3 ns trajectoBp@atK. The closed circles are the

corresponding fluctuations derived from the exoerimenttdgors.
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Figure 6.4: RMS fluctuations of atom positions averaged &aheresidue according to eq.
6.3. Only backbone atoms are considered. Closed circlestriépctuations as obtained from
crystallographic B factors [165]; open circles refer to Mibslation data at T = 300 K.
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The RMS fluctuations are minimal in the C-terminal part ofihel, (residues 60-65) and
in the central region of helixis (residues 80-90). The N-terminal helices, and a,, and
also the short helixiz adjacent to loop L are on the average more fluctuating than the C-
terminal helicesns andas. In the following the results on MD simulation are discusged
detail starting from the N-terminal helix. Helix; shows a minimum in fluctuations at Val24
and Val28, which together with Val27 and Ala26 constitute Hydrophobic internal part of
this amphipathic helix. Within helixi, minima of fluctuation are found at Cys32, Cys35,
which are covalently bound to heme, and His36, the heme owindg histidine that invoke
additional rigidity in this regime. The RMS fluctuations bete larger in the first loop region
L; (residues 38-50) showing nevertheless minima at Leu40 @t/d44, Ala45 and Pro46. At
the negatively charged Asp49, whose side chain is oriemedrtls the solvent and close to
the C-terminus, a significant maximum in fluctuation is lechtHelixaz that follows shows

a minimum at Ala51 and helig, is the most rigid segment in the protein according to our
computations, reaching the global minimum at Leu61. In #eoad loop region & (residues
66-78) the largest fluctuations are at GIn68 and Glu69, waiehmainly involved in the struc-
tural oscillation of loop L (see fig. 6.2). A minimum of fluctuation is also observed at Met
which is axially ligated to heme, and also at Gly74. The @niaeal helix as shows again a
remarkable rigidity in its central part. Finally, the fluations increase at the C-terminus as
expected. The experimental values of atomic fluctuatiomsel from the crystallographic B
factors show overall a very similar pattern, consistingrofil fluctuations for helices4, and
0s, alternating minima and maxima in the N-terminal helixand higher peaks at the first and
second loop, which nevertheless fluctuate more heavily icalgulation than in the crystal, if
compared to the other protein segments. However, most foicaina in fluctuation are at the
same position in both sets. The experimental amplitudesiciufation are in general larger by
a factor of 2 than the calculated values, if loop regions aptueed. This discrepancy is due
to the fact that atomic fluctuations derived from crystalstures have not only a contribution
from a time average as it is the case for the MD simulation Bataalso from an ensemble
average. The time average underlying the crystallograpHactor covers a much longer time
span of typically minutes instead of nanoseconds. The dpiseaverage adds contributions
from static molecular and crystal disorder [169].

6.3.2 Hydrogen bond formation and disruption

We observed the time dependence of the hydrogen bonds fdmynealckbone amide and car-
bonyl groups during MD simulation. Hydrogen bonds were aiered to be formed or dis-
rupted at a cutoff distance of 4 A between hydrogen bond doitargen and acceptor oxygen
atoms and a NH-O cut-off bond angle of 220his hydrogen bond criterion is generous and
includes also weak hydrogen bonds, where a backbone oxyggsimultaneously be involved
in more than one backbone hydrogen bond. Nevertheless,dstrohthe backbone CO groups
a single NH donor group is the dominant hydrogen bondingigaih spite of the generous cut-
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Figure 6.5: Backbone hydrogen bond stability and dynamécved from the 3 ns MD trajec-
tory at 300 K. Closed diamonds: fractional lifetime (occopg of backbone hydrogen bonds
(scale on right side). Open bars: average lifetime of thes&line hydrogen bonds (scale on
left side). Top: plotted versus residue numbers of the rgeinodonor backbone NH groups
(NH reference). Numbers at the top of bars provide lifetimebng-living hydrogen bonds
in ps. Bottom: plotted versus residue numbers of the hydr@geeptor backbone CO groups
(CO reference). A hydrogen bond is considered to be formbaéyvthe acceptor oxygen atom
lies within 4 A from the donor nitrogen atom in a cone of 12Bor a more detailed description
see text.

off conditions. In our analysis, the most frequent hydrogending partner is considered. For
each donor atom (backbone nitrogen) we counted how ofterhawdong one acceptor atom
(backbone oxygen) lies inside the cone defined by the cutesfélitions. Thus, we monitored
for each backbone amide group (NH reference) the hydroged bocupancy (fraction of time
that the hydrogen bond is formed) with the most frequent ba& carbonyl group binding
partner. Since some of the backbone carbonyl groups idsghiifi this way may the majority
of time be engaged in hydrogen bonds with another backbomdeagmoup, we also monitored
for each backbone carbonyl group (CO reference) the hydrbgad occupancy with the most
persistent amide group binding partner. In fig. 6.5 we pibttee occupancy of the dominant
hydrogen bonds (diamonds with scale on right) formed by &tlgroup with a backbone CO
group (NH reference, upper part) and vice-versa (CO referelower part) as a function of
the residue number. Hydrogen bond occupancy is definediaofdimes where the hydrogen
bond is present relative to the total time length of the aber&d trajectory. Hence, hydrogen
bonds that are never disrupted correspond to unit occupahast of the hydrogen bonds that
are disrupted a number of times in our trajectory possessrtimless an occupancy nearly
equal to unity. The hydrogen bonds with occupancy equal iy ane mainlya helical (i,i-4)
hydrogen bonds located within the C-terminal region of>heli (residues 60 to 65) and in
the central region of heligs (residues 81 to 88). A smaller amount of these persistenohyd
gen bonds are also present in the N-terminal heliXVal27-NH with Asp23-CO, Val28-NH
with Ala24-CO and GIn29-NH with Glu25-CO have an occupanigihér than 0.9) and in the
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remaining helices. From the MD simulation data we found fstance that the backbone hy-
drogen bond in helixx, between the groups His36-NH and Cys32-CO has an occupancy of
unity, and in helixas the hydrogen bond between the groups Tyr55-NH and Ala51-@© h
high occupancy (0.82). Highly populated backbone hydrdgerds involving also non-helical
residues are the bonds Leu40-NH with Gly37-CO, Ala45-NHwv@ys35-CO, 1le48-NH with
Leud0-CO, which are all located in loop Lwith an occupancy of unity. In loopza highly
occupied hydrogen bond is formed by Gly74-NH with lle64-G®order to discriminate be-
tween hydrogen bonds that remain intact for most of thedtajg and those which are formed
and disrupted more frequently, we calculated their aveliégtene. A single unbinding event
can reduce the lifetime by as much as a factor of two. We censigdrogen bonds, which are
disrupted less than 10 times during the 3 ns trajectory asmely stable, or persistent, and
all hydrogen bonds with a lifetime of more than 50 ps as stable bars in fig. 6.4 provide
the hydrogen bond lifetimes of Beytc backbone groups. Intdpepart the hydrogen bonds are
numbered according to the residue number of the NH donormpgrparticipating in the hydro-
gen bond. In the bottom part the same is done with respecetadbeptor CO groups. Five
backbone hydrogen bonds persist very long during the 3 rsedfajectory. In fig. 6.5, upper
part, their lifetime is given in picoseconds at the corregfiog residue position. These are
hydrogen bonds in heligr; (GIn29-NH with Glu25-CO), in helixx, (His36-NH with Cys32-
CO0), in helixas (Leu65-NH with Leu61-CO), and in heligs (Val84-NH with Glu80-CO,
Leu88-NH with Val84-CO). In general, most persistent hygno bonds involve residues in
helicesa4 andas. In this respect, the N-terminal helo; appears to be less rigid than the
C-terminal helicest4 andas. The backbone hydrogen bonds in the non-helical portiorniseof
protein are generally disrupted and reformed several tianesg the 3 ns of MD simulation,
in spite of a high occupancy. Hence, they have short lifedimhese results may depend on
the time resolution chosen for monitoring binding and udbig events [170]. The present
analysis was carried out using a high time resolution witld &3ime frame to record atomic
coordinates. Increasing the time frame of recording thmatcoordinates to 100 fs and 0.2 ps
increased all lifetimes by about a factor of 2 and 4, respelgti but did not significantly affect
the differences among them (data not shown).

6.3.3 Hydrogen bond distance fluctuations

Now we like to check whether the results on hydrogen bondlgafound in the preceding
analysis are consistent with hydrogen bond length fluainati For that purpose, we moni-
tored for the 3 ns of MD simulation data the distance fluctaregiof all hydrogen bond donor-
acceptor atom pairs from the backbone. These are pairs kbbae CO and NH groups with
arbitrary sequence distance, which may form hydrogen bdwdte that the sequence distance
four corresponds to intra-helical hydrogen bonds. Thestulte fluctuations were correlated
with (i) the average lifetime of the backbone hydrogen boedaluated from the same trajec-
tory as described above and shown in fig. 6.5; (ii) the comedimg hydrogen bond distance
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fluctuations as obtained from the analysis of the 30 Bcytc Nd¥iactures (PDB code 1K3G
[164]) by calculating the standard deviation of the corcesfing O-N atom pair distances ap-
plying Eq. 1 to the ensemble of 30 NMR conformers. The resuthis analysis is shown
in fig. 6.6. The lifetimes of the most stable backbone hydnobgends as derived from the
MD trajectory at 300 K are displayed as function of the NH groesidue number (bars, same
data as in fig. 6.5). The solid line shows the correspondirdydgen bond length fluctuation
derived from the MD simulation data. Diamonds show the hgdrobond length fluctuations
as evaluated from the set of 30 NMR structures. Hydrogen $arith long lifetimes exhibit
small fluctuations of bond lengths, as expected. More isti#ng is the correlation between
computed and measured fluctuations of backbone hydrogehleongths. We observed in both
data sets small fluctuations in the helicegsandas and large fluctuations in the N terminal part
and in loop L. Moreover, long lifetimes (bars), which correspond to mmaiin the calculated
distance fluctuations, often correlate with minima in thetilations obtained from the NMR
data set. Nevertheless, there are some deviations maittg inighly flexible regions (loops),
which may, however, also be due to an inherently poor stijssince for the analysis of the
experimental data only 30 different NMR structures werelalike.
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Figure 6.6: Comparison of backbone hydrogen bond lifetimits bond length fluctuations

monitored as function of the NH group residue number comsigethe dominant hydrogen
bond partner. Open bars: hydrogen bond lifetimes derivad the 3 ns MD simulation (same
as in fig. 6.4, scale on the left). Solid line: N-O distance tflations of hydrogen bonds
formed by backbone NH with CO groups, scale on the right. €latiamonds: N-O distance
fluctuations for the same hydrogen bonds as derived from@WdNR conformations (PDB

code 1K3G [164]), scale on the right.

6.4 Discussion

6.4.1 Fluctuations and stability of secondary structure

The fluctuations of the backbone atoms together with thedgeir bonding pattern provide a
consistent description of the structural flexibility of theotein. According to our results, it is
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evident that loop regions are more flexible than helicesnaswmould expect. In particular the
firstloop Ly strongly fluctuates on the C-terminal side, near to hefixshowing a considerable
instability (see figs. 6.2-6.4). The second loopdscillates between two conformations (figs.
6.2, 6.3). This result suggests that both loop regions amsiderably mobile and might even
unfold easily under near native conditions, independefintlyn the more rigid helicest;, a4
andas. It was observed in hydrogen exchange experiments on naitmbfal cytochrome
c [153, 171, 162] that the loops account for a possible ingiap in unfolding under near
native conditions. Hence, our MD simulation data on baategtochrome c are in this respect
in agreement with these experimental results, in that tloefirn some degree of similarity
between the two systems. The analysis of backbone atom dtiamis for each individual
residue (see fig. 6.4) allows one to distinguish local vimet in protein flexibility. In loop Ls,
where the first part extending from residue 37 to 43 is flexitilere is a significant minimum
at Ala45 that forms a strong hydrogen bond with Cys35, whictuin is covalently bound to
heme. This minimum in fluctuation may become even more pnoced by the intrinsically
more rigid Pro46 whose backbone CO group forms a stable ggdrbond with the imidazole
NH group of His36, which is axially ligated to heme. The lattgdrogen bond that is also
present in the starting NMR structure, is conserved durirg3 ns MD simulation at 300
K and represents a general structural feature of cytochromelecules, being present also
in mitochondrial cytochrome c [159]. A similar variation flexibility is visible in loop Ly,
where large fluctuations were found in the neighborhood o6&land Glu69, involved in the
structural change. A local minimum in RMS fluctuations oscar Met71, which is kept at its
position by the axial coordination with heme. All helicabrens show interesting variations
in flexibility, and there are differences between the N-feahand the C-terminal segments
of Beytc. The N-terminal part of the polypeptide chain catisg in helicesus, a», loop Ly
and helixagz is on the average considerably more flexible than the C-texhpiart where two
rather stable regions are located, namely the C-termirralgbdelix a4 (residues 60-65) and
the core region of helixis (residues 80-90). Variation in flexibility is observed alsthin
the helices. For instance in helag one can distinguish minimal fluctuations corresponding
to buried residues (Ala24, Val28, Cys32) and large fluctunatiat solvent-exposed residues
(Ala26, GIn30) (fig. 6.3). In helbas, the internal residues GIlu80, Ala81, Val84, Ala85 and
Leu88, which form the most stable intra-helical hydrogendsy show minimal fluctuations,
whereas solvent-exposed amino acids like Ala79 and Glug2sggond to local maxima of
fluctuations. The MD simulation data on fluctuations showffign 6.4 are corroborated by
the dynamics of intra-protein hydrogen bonds (fig. 6.5),clhhih turn are confirmed by the
analysis of hydrogen bond length fluctuations presentedgin6i6. The larger fluctuations
of helicesa; anda, correspond to a smaller number of stable (i.e. high occypand long
lifetime) hydrogen bonds as well as to larger fluctuationyidrogen bond lengths.

Mithocondrial cytochrome ¢ has been studied by means of cutdle dynamics [160] to de-
termine a correspondence with data on hydrogen exchan@e I3, 162]. The description
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in terms of stable N and C terminal helices and easily unfigldoops was corroborated by
that study. It was suggested [160] that the analysis of toengéry of intramolecular hydrogen
bonds may not be suited for the comparison with data on exghaimce, according to the
MD data, the disruption of an intramolecular hydrogen bandat sufficient to guarantee the
formation of a hydrogen bond with water, what is necessaryefchange to occur. Instead,
a correlation between exchange data and degree of expassodvent, i.e. humber of water
molecules in the vicinity of the amide group was found. N&waess in our study the analysis
of lifetime of backbone hydrogen bonds, correlated withdhleulated backbone atomic fluctu-
ations, still contributes to globally describe the flextlyibf the protein in a way that is coherent
with exchange experiments, as discussed in the last sectidifference from mithocondrial
cytochrome c arises concerning the rigidity of the N-temhimelix, which is apparently more
fluctuating in the bacterial protein.

6.4.2 Heme neighborhood

The residues involved in interactions with heme have a tend form stable hydrogen bonds,
and correspondingly their structure is more rigid, i.e. blaekbone exhibits smaller fluctua-
tions. As we showed in the previous section, this is the caséhke two heme coordinating
residues, His36 and Met71 and for the covalently bound e$eCys32 and Cys35. Cys32-
NH is forming a persistent hydrogen bond with Val27-CO. Thede proton of His36 is form-
ing a stable, long-living hydrogen bond with Cys32-CO, veaer Met71-NH is bonded to the
highly fluctuating GIn68-CO. The side chain of His36 is alewoived in a strong hydrogen
bond with Pro46-CO. At neutral pH both propionates (Prop& Brop7, see fig. 6.7) of the
heme are deprotonated [164]. In the NMR structure of oxiliBeytc the hydroxyl group of
the Tyr55 side chain forms a strong hydrogen bond with thetiegly charged acidic group
of Prop7, with an initial O-O distance of 2.66 A [164]. Althgluthe hydrogen bond between
Tyr55 and Prop7 is formed and disrupted several times ddin@d/1D simulation, due to oscil-
lating Prop7 acidic oxygens, it is present during most of3hes of the MD simulation, being
broken for about 100 ps only during heavy structural fludtunest involving loop Ly between 1
and 2 ns. Prop5 is not forming any significant hydrogen bortderinitial NMR structure, but
during the dynamics it forms a hydrogen bond with the NH groti@ly70, which is present
roughly during 80% of the simulation time. These hydrogendsoformed by the propionates
are shown in fig. 6.7. In our MD simulation Tyr55 showed anriesting behavior. Not only
the side chain of Tyr55, but also its backbone amide groumdoa hydrogen bond, namely
with the backbone carbonyl group of Ala51, belonging like5Byto helixas, with 2.79 A for
the initial N-O distance in the NMR structure. This hydrodsind is highly populated and
very stable in the first nanosecond (average Tyr55-NH-O&5Aldistance is 1.9% 0.05 A)
and is disrupted just before loop, Istarts fluctuating. This confirms that the destabilization
of the C-terminal end of the looplis accompanied by a structural change in helix The
presence of the Tyr55-NH-OC-Ala51 hydrogen bond in thevadicytc is corroborated by the



92 Chapter 6. Hydrogen bonding pattern of cytochrome ¢

hydrogen bond length fluctuations derived from the 30 NMRditres. This hydrogen bond
is present in roughly one half of the 30 structures from s&MR conformations (PDB code
1K3G). The interaction between Tyr55 and Prop7 is pH depeindg pH 5.1 Prop7 is proto-
nated in the oxidized form of Bcytc, as one can infer from thestal structure [165], where it
forms a hydrogen bond with the carbonyl oxygen of Ala47. Whiile aromatic ring of Tyr55
is nearly parallel to the heme plane at neutral pH, it is eatatway from Prop7 at lower pH in
the crystal structure and forms a hydrogen bond with a drystter [165]. The hydrogen bond
of the Tyr55-OH group with Prop7 present in the NMR structafexidized Bcytc, appears
more pronounced in the NMR structure of the reduced form [{?PB code 1N9C). A hint
for a possible functional relevance of Tyr55 comes from seqa alignment. The tyrosine at
this position is a conserved residue in the Gram-positivadnel cytochrome ¢ family, as one
can observe for instance in the sequence alignment in ré#][10nly in one of nine cases,
tyrosine is replaced by a lysine, which, however, is a paditicharged hydrogen donor group
that may even form a salt bridge with Prop7. This is not the gasytochrome ¢ molecules
from eukaryotic organisms, where tyrosine is more ofteiaea by a hydrophobic phenylala-
nine or isoleucine (see the alignment in Ref. [165]). Acaogdo current experimental data
and calculations on bacterial ¢553 [173] and mitochonaiy#bchrome c [174] this tyrosine is
not directly involved in the electron transfer process.,Buhay play a role in stabilizing the
local hydrogen bond network and in tuning the heme redoxmpiate

Figure 6.7: Snapshot from the 3 ns MD trajectory at 300 K shgwiydrogen bonds formed
by the two heme propionates. Prop7 (on the left side) is lgetidonded to the side chain
of Tyr55, whose backbone NH group is interacting with Ala&D- Prop5 (on the right side)
is forming a hydrogen bond with Gly70-NH. The picture waseayated using MOLSCRIPT
[133].
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6.4.3 Comparison with backbone NH exchange experiments

In this section we discuss our results in comparison withNMR experiments of hydrogen
exchange published by Bartalesi and coworkers [154], whitdr a general and exhaustive
description of hydrogen bond stability and equilibrium aldfng of Beytc under near native
conditions. Our analysis is intended to be purely qualigatbecause opening events related
to hydrogen-deuterium exchange occur in reality on timdéescahich are much longer than
3ns, so that we cannot observe them in our simulation. Howeeschange events correlate
with local fluctuations we should be able to detect such spordence. Based on their data,
Bartalesi et al. [154] sort residues to the same opening ifititey exhibit a similar value of
free energy for hydrogen exchange. This suggests a comnfolding process for residues
belonging to the same opening unit. Residues belonging topaning unit with large free
energy of hydrogen exchange will open only upon global wifg, while for low values of
free energy residues may exchange the backbone hydrogemthiocal fluctuations. If in the
latter case the low value of free energy is for several neeebiglues essentially the same, the
hydrogen exchange process may also be connected with ghlakgtructural fluctuation as for
instance a partial helix unwinding. Low free energies oftange are experimentally found
for three subsets of residues, which in decreasing ordeperiiag ability are:

(A) the residues 26-32 comprising the second half of hefband the initial part of helixs,
(B) the central part of loop 4.(residues 71-76),

(C) the residues 67-68 and 81-83 connecting logpolthe C-terminal part of helig, and to
the N-terminal part of helixis, respectively.

These three opening units (A, B, C) are all characterizedrblaively low value of free energy
of opening and are supposed to change via local fluctuatising.higher value of free energy
of hydrogen exchange, but still compatible with local flattans, there is an opening unit (D)
comprising the C-terminal end of helixq, namely residue 66. There are also two opening
units with a large free energy of hydrogen exchange closbaatobal free energy of pro-
tein unfolding, suggesting that these regions exchangeohygds only upon global unfolding.
These are:

(E) the core of the C-terminal helixs (residues 84-89),
(F) the residues 60-65 belonging to the central portion 6K roe,.

To compare our results with the NMR experiments on hydrogehange in Beytc, we calcu-
lated RMS fluctuations averaged over the residues belongitite six different opening units
as defined above. We also calculated the average occupdociesckbone hydrogen bonds
formed within the same opening units, by using the MD simailatlata on hydrogen bond
statistics presented in fig. 6.5. Both data sets are shownstmitams in fig. 6.8. In the
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top part, average occupancies for the hydrogen bonds assifidd according to the opening
units from A to F. In the bottom part, average RMS fluctuatians shown for the same pro-
tein segments. Large values of average occupancy of hyalfogeds are in general associated
with small average fluctuations, as discussed before. Tdwsification from A to F in terms
of increasing stability, found in experiments, is to a laeygent reflected by our MD simu-
lation results, especially by referring to average occuoen The increasing free energy of
opening observed experimentally goes along with incrgagirerage occupancy of hydrogen
bonds, with the exception of unit A, which in our results seavhigher average stability of
hydrogen bonds than unit B and C, comprising logp The analysis in terms of average RMS
fluctuations (lower part in fig. 6.8) exhibits a further difface in ranking, since unit D shows
smaller fluctuations than unit E. Nevertheless, both dataagee in that they strongly distin-
guish between two stability regimes, namely one set cheniaet! by low occupancy and high
fluctuations comprising units A, B and C and one “high stafilset containing units D E and
F, with lower fluctuations and hydrogen bonds with largerupancy.
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Figure 6.8: Occupancy and fluctuations of hydrogen bondspgo in opening units A to F of
increasing stability. Top histogram: average occupan®aokbone hydrogen bonds formed by
amide hydrogen atoms within selected sequence segmentytf&s indicated at the top of the
bars evaluated from the 3 ns MD trajectory at 300 K. Bottonolgisam: RMS fluctuations of
backbone atoms of the same segments of Bcytc. Corresposdamndary structure elements
are also indicated. The data are classified as opening vmitsA to F according to the ease of
hydrogen exchange monitored by NMR spectroscopy [154] Hefto right these sequence
segments have a decreasing tendency to belong to strueteraknts, which open up with
ease. For more details see text.

The N-terminal helixa; of Beytc is fluctuating at amplitudes that are larger than dhes
present in the C-terminal part of the protein, namely inxheli, thus, featuring hydrogen
bonds that are less stable. This leads to the conclusioriitbamide hydrogens in helix;
may exchange more promptly with the bulk solvent, what is@bt observed. The C-terminal
helix as possesses a number of stable hydrogen bonds with smalltadgsliof fluctuation,
which slows down hydrogen exchange. In summary, the agailyserms of RMS fluctuations
yields overall qualitative agreement with the experiments
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6.5 Conclusions

The structural stability is investigated by MD simulatidias a small bacterial cytochrome ¢
molecule. A well defined pattern correlating stability arekibility of secondary structure el-
ements under native conditions was found. We identifiecifices in stability and dynamics
among the helical units of the protein, distinguishing aeaflexible N-terminal half involving
the helicesx;, a, andagz from the two more rigid helices4 andas at the C terminus. We ob-
served large fluctuations involving the first loop regiondnd a structural oscillation between
two states in the second loop regiop MThese loop regions were experimentally recognized to
act as initial unfolding units in mitochondrial cytochromgl53]. The comparison with results
from backbone hydrogen exchange experiments providessistent picture, which allows to
combine our observations on fluctuations in hydrogen bangattern with the experimental
values of free energies for hydrogen exchange. Interdgtitig difference in stability between
the N and C-terminal helices, which we found in our MD simiolatstudy of Bcytc, was also
observed in cytochrome c from very different organisms [16&5]. Moreover, we analyzed
the hydrogen bond network around the heme group, hightightie conserved residue Tyr55,
which is hydrogen bonded to one propionate group of the helme&ecent computations it
was demonstrated how the screening of the heme propionatgezhis tuning the heme redox
potential [167]. The present study suggests that Tyr55 rfeyquch a role.



