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Introduction

Life has evolved in a wide range of thermal environments,
from polar ice to volcanic hot springs. Protein function at
any temperature requires a balance of stability and confor-
mational flexibility. Tertiary structures must be sufficiently
stable to favor the folded structure or ensemble, yet flexible
enough to allow conformational changes required for func-
tion. Cold environments provide less of the thermal energy
that drives the dynamic motion of folded proteins. Therefore,
proteins that are adapted to function at temperatures around
or below the freezing point of water must have more confor-
mational flexibility, and presumably be less stable, in order
to maintain function.

Enzymes from psychrophiles have demonstrated that a
range of sequence adaptations are used to optimize activ-
ity in environments with less thermal energy. Some general
trends found in psychrophilic enzymes to increase structural
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flexibility include: over-representation of glycine residues,
under-representation of proline residues, fewer hydrogen
bonds, fewer surface ion-pairs, fewer arginine residues,
more exposed hydrophobic surface area, and less-compact
hydrophobic cores [1-3]. It appears that each protein fam-
ily or fold uses a different combination of these strategies to
adapt to cold temperatures [3].

When compared to enzymes, electron transfer pro-
teins have a slightly different set of functional constraints.
Unlike enzymes, electron transfer proteins such as c-type
cytochromes should be relatively rigid to optimize electron
transfer rates. Marcus theory states that the rate of the elec-
tron transfer should be faster for systems with lower reor-
ganization energy, which can be minimized by limiting the
change in the location of nuclei between the oxidized and
reduced states [4]. However, electron transfer proteins must
have small differences in the shape and charge distribu-
tion between oxidation states to perturb the binding affinity
between donor and acceptor proteins and facilitate unbinding
following electron transfer. Members of the cytochrome c
family have been shown to be quite rigid; no redox depend-
ent conformational change was observed when compar-
ing crystal structures of the oxidized and reduced forms of
cytochrome ¢4 from the green alga Scenedesmus obliquus
[5, 6]. In c-type cytochromes, redox dependent changes
must involve relatively subtle reorganization of side chains
or changes in residue mobility.

A second aspect of electron transfer proteins that must
adapt to environmental temperature is the reduction potential
of the electroactive group. The driving force for electron
transfer is derived from the relative reduction potentials of
the electron donor and acceptor groups. Midpoint poten-
tials vary with temperature, and the magnitude of the change
depends on the change in entropy for the reduction process,
AS°,.. For c-type cytochromes, AS®, is always large and
negative, but differs in magnitude [7, 8]. Therefore, c-type
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cytochromes adapted to function at differing temperatures
may modulate both midpoint potential and folding stability
to maintain function.

The cytochrome ¢ family is widespread throughout the
tree of life and serves a variety of electron transport func-
tions, including required roles in oxidative phosphorylation
and photosynthesis. Cytochrome c, is a small, soluble protein
with a His-Met ligated c-type heme that mediates the transfer
of electrons between the membrane-embedded cytochrome
b¢f complex and photosystem I. We identified, based on
amino acid sequence similarity, putative cytochrome cg
sequences in the published genome sequences of the meso-
philic diatom Thalassiosira pseudonana [9] and the psychro-
philic diatom Fragilariopsis cylindrus [10]. Thalassiosira
pseudonana is a cosmopolitan diatom capable of growth
at a wide range of environmental temperatures, with high-
est growth rates between 20-30 °C [11-13]. Fragilariopsis
cylindrus demonstrates growth and photosynthesis at temper-
atures as low as — 1 °C [14-16]. A multiple sequence align-
ment comparing canonical cytochrome ¢, family members to
the putative Fc and Tp cyt ¢4 sequences supports their func-
tional assignment as photosynthetic electron transfer proteins
(Supplementary Figure S1). The presence of bipartite signal
peptides with a conserved “ASAF” motif in both sequences
further supports chloroplast localization [17, 18].

The putative cytochrome ¢4 proteins from F. cylindrus
and T. pseudonana are 90% identical, considering only
the mature sequences with presumed signal peptides
removed (Fig. 1). Since primary sequence defines three-
dimensional structure and function, any difference in the
thermal adaption of the two proteins must be accounted
for by the few amino acid differences. Of the differences,
four are highly conservative aspartate versus glutamate,
and another two are also conservative differences which
maintain polar and hydrogen bonding character (serine/
asparagine and serine/threonine). Four locations dem-
onstrate shifts in polar vs. nonpolar character (serine/
alanine), and are most likely to impact function. Serine
and alanine share very similar codons; in fact,a G to T
mutation in the first nucleotide of any alanine codon con-
verts it to a serine codon. Another intriguing difference
is the single, additional acidic residue appended to the
C-terminus of the F. cylindrus sequence.

In this study, we investigate the interplay between the
thermodynamic stability of a protein fold and the heme
reduction potential through the direct comparison of a
psychrophilic cytochrome ¢ and a highly homologous
mesophilic control. Direct voltammetry is used to meas-
ure the reduction potentials and support assignment of
the proteins to the cytochrome ¢, family. The variation of
reduction potential with temperature allows us to extract
the change in entropy and enthalpy of the reduction
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process for the two proteins. Through analysis of ther-
mal and chemical denaturation of the two homologous
c-type cytochromes we identify key folding parameters
that differ between the two proteins. Comparison of the
wild-type proteins, as well as the melting temperature
of alanine to serine mutants, reveals the role of specific
residues in thermal adaptation. Based on our results, we
hypothesize that differences between the solvation of the
folded state of the homologs result in lower stability of
the psychrophilic protein, which may facilitate activity at
lower environmental temperatures.

Materials and methods
Chemicals

All reagents were BioReagents grade from Fisher Scientific
(Waltham, MA) unless otherwise specified.

Construction of plasmid for recombinant
overexpression of wild-type and variant cyt ¢,

Complete predicted amino acid sequences for Fc cyt ¢
and Tp cyt ¢4 were obtained from the Joint Genome Insti-
tute Genome Browser [19]. Signal peptide sequences were
identified by analogy to other known diatom plastid signal
sequences using online webservers SignalP [20] and ASA-
Find [18]. Nucleotide sequences corresponding to only the
mature polypeptides were codon optimized for expression
in Escherichia coli and synthesized as GeneArt strings (Life
Technologies, Carlsbad, CA). Empty pET22b(+) plasmid
(Millipore Sigma, Burlington, MA) was linearized by
sequential restriction digest with BamHI and HindIIl, and
purified using GeneJET Gel Extraction and DNA Cleanup
Micro Kit (Thermo Scientific, Waltham, MA). Fc271949
or Tp35934 coding sequences were inserted into linearized
plasmid using Gibson Assembly Master Mix according to
the manufacturer’s standard protocol (New England Biolabs,
Ipswich, MA). Constructs with N-terminal pelB periplas-
mic localization sequences, pET22b-Fc271949 and pET22b-
Tp35934, were confirmed by gene sequencing (Genewiz,
South Plainfield, NJ).

Tp35934 single site variants A86S, A93S, and A126S
were constructed using QuikChange Lightning Site-Directed
Mutagenesis Kit (Agilent, Santa Clara, CA). Mutation posi-
tions were numbered based on the full open reading frame of
Tp35934 in the T. pseudonana genome. Primers sequences
are given in the supporting information (Table S1). The dou-
ble mutant Tp35934 A93S/A126S was generated from the
A93S parent using Tp35934-A126S-F and Tp35934-A126S-
R primers.
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Fc271949 GDVGAGEQIFNANCAACHAGGONVIMPEKTLEKEALDQYLSGGRS

Tp35934

GDVGAGEQIFNANCAACHAGGONVIMPDKTLEKEALEQYLAGGRN

86

Fc271949 EKSVMTQVTNGKNAMPAFGGRLSEEDIANVASYVISSAEAGWEE*

Tp35934
93

Fig.1 Amino acid sequence alignment for mature versions of
cytochrome ¢ proteins from Fragilariopsis cylindrus (Fc271949) and
Thalassiosira pseudonana (Tp35934), with presumed signal peptide
sequences removed. Yellow highlighting indicates key c-type heme

Expression and purification of c-type cytochromes

Plasmids carrying wild-type Fc271949, Tp35934, and
Tp35934 variants were each transformed into chemically
competent E. coli BL21(DE3) carrying the pEC86 plasmid
[21]. Transformed cells were selected on LB agar (100 pg/
mL ampicillin, 15 pg/mL chloramphenicol). Single colonies
were inoculated into 5 mL LB media (100 pg/mL ampicil-
lin, 15 pg/mL chloramphenicol) and grown overnight at
37 °C. Overnight cultures were centrifuged to pellet, resus-
pended in fresh LB media, and the equivalent of 2.5 mL of
overnight culture was used to inoculate each 0.5 L of 2xYT
media (Research Products International, Mount Prospect, IL).
Cultures were incubated with vigorous shaking until mid-log
phase (OD600=0.6-0.8), and expression was induced using
0.3 mM final concentration of f-p-1-thiogalactopyranoside
(IPTG, Sigma-Aldrich, St. Louis, MO). Cultures were grown
for an additional 3 h at 80 rpm and 37 °C. Bacteria were col-
lected via centrifugation and resuspended in a minimal volume
of buffer A (20 mM Tris pH 8.0) before storage in — 80 °C.
The thawed cell pellet was resuspended in 80 mL of
buffer A for each 1 L of bacterial culture. Lysis was initiated
by addition of 0.04% (w/v) final concentration of sodium
deoxycholate, 0.1 mM final concentration of phenylmethyl-
sulfonyl fluoride (PMSF) and approximately 2 mg lysozyme
per 80 mL lysate and allowed to proceed on ice for 15 min.
Following incubation for an additional 30 min in the pres-
ence of approximately 2 mg of DNAse I (Sigma-Aldrich,
St. Louis, MO) per 80 mL lysate, the insoluble fraction was
removed via centrifugation at 4 °C and 11627Xg (maximum
RCF). All chromatography steps were controlled using Akta
Start FPLC system (GE Healthcare, Marlborough, MA).
Clarified lysate was separated by HiTrap DEAE FF (5 mL,
GE Healthcare, Marlborough, MA) equilibrated in buffer A
and eluted in a gradient of 0-50% of buffer B (20 mM Tris
pH 8.0, 1 M NaCl). Fractions were screened for purity and
accurate folding by absorbance spectroscopy, and fractions
with A 6.m/Asgonm > 1 and a sharp Soret band at 416 nm
were combined and concentrated using Amicon Ultra-15
10 K molecular weight cut-off centrifugal concentrator units

EKAVMTQVTNGKNAMPAFGGRLSDEDIANVASYVIATSEAGWD*
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attachment sites and axial ligands. Blue and pink highlighting indi-
cate amino acid positions that differ between homologs. Pink posi-
tions are serine in Fc271949 but alanine in 7p35934, and are num-
bered to match the description in the text

(Millipore Sigma, Burlington, MA). Concentrated samples
were loaded onto a HiPrep 16/60 Sephacryl S-200 h gel fil-
tration column (GE Healthcare, Marlborough, MA) equili-
brated with 20 mM Tris, 150 mM NaCl pH 8.0 at 0.5 mL/
min. Fractions with high purity of cytochrome c as deter-
mined by Ay;¢.m/Asg0nm greater than 4 were combined and
concentrated as before. Purified protein samples were stored
in 15% glycerol at — 80 °C until use. Extinction coefficients
were determined by pyridine hemochrome assay [22].

Cyclic voltammetry of protein solutions

Cyclic voltammograms were collected using a modified
membrane electrode setup. Edge plane pyrolytic graphite
(3.0 mm diameter) or gold (1.6 mm diameter) working elec-
trode, Ag/AgCl (3 M NaCl) reference electrode, and plati-
num wire counter electrode were all purchased from BASi
(West Lafayette, IN). Graphite working electrode was pol-
ished with sandpaper, followed by 0.05 pm particle size alu-
mina. Gold electrode surfaces were polished mechanically
with diamond suspension, then cleaned electrochemically
by cycling in a cell solution of 1 M sulfuric acid between
—0.2Vand +1.6 V versus Ag/AgCl for at least ten cycles.
Cleaned electrodes were immersed in ethanolic solutions
of either 4 mM mercaptoethanol or mercaptohexanol and
incubated overnight. To assemble the membrane electrode,
2 pL of concentrated protein (100-300 pM) was pipetted
directly onto the cleaned graphite surface, then a small
square of moistened SnakeSkin 10 kDa MWCO dialysis
membrane (Thermo Scientific, Waltham, MA) was secured
over the electrode end with an O-ring. Experiments were
controlled using BASi EC Epsilon Potentiostat with Epsilon
EC v.2.13.77 software. Temperature was controlled using
a water jacketed cell with circulating water bath. The tem-
perature inside the electrochemical cell was independently
monitored immediately before and after each scan. Vol-
tammograms were analyzed using QSOAS [23]. Errors in
AH®  and AS° are calculated from the standard deviations
of three independent experiments monitoring the effect of
temperature on midpoint potential.
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Thermal denaturation

Absorption spectra were collected from 350-800 nm over
increasing temperature using Agilent Cary 100 Spectropho-
tometer (Santa Clara, CA) with Quantum Northwest t2 X 2
Sport temperature-controlled sample holder (Liberty Lake,
WA). Each experiment contained between 3—7 pM final con-
centration of cyt ¢ in 50 mM 4-(2-hydroxyethyl)piperazine-
1-ethanesulfonic acid (HEPES) pH 7.4. Temperature was
increased by 2 °C increments from 18—49 °C (Fc cyt cg)
or 24-60 °C (Tp cyt ¢s) with 3.5 min equilibration time
between each temperature increase. Samples were supple-
mented with stoichiometric amounts of potassium ferricya-
nide to oxidize, and oxygen was excluded with a continuous
nitrogen purge in the headspace. Reversibility was tested by
returning each sample back to the initial temperature fol-
lowing the complete thermal denaturation experiment, and
spectra were collected following at least 10 min of equilibra-
tion at low temperature.

Melting temperatures (7,,) and van’t Hoff enthalpies
(AH,y) were determined by fitting the thermal denaturation
data at 403 nm using a derivative form of the van’t Hoff
equation [24]. Tabulated values reported are averages from
three independent experiments.

Chemical denaturation

Free energy changes upon unfolding were determined by
chemical denaturation and monitored by absorption spec-
troscopy using Agilent Cary 100 Spectrophotometer (Santa
Clara, CA) with Quantum Northwest t2 X2 Sport temper-
ature-controlled sample holder (Liberty Lake, WA). Stock
solutions of 5 pM cytochrome ¢ in 50 mM HEPES pH 7.4
and either 0 M and 6 M guanidine HCI were mixed in vari-
ous ratios to generate intermediate denaturant concentrations
in 150 pL final volume. Mixtures of 0 M and 6 M guani-
dine HCI stock solutions tested in the absence of protein
showed a pH variance within 0.1 pH unit. The concentration
of guanidine HCI stocks were determined by the mass of
solid added and total volume. An oxidizing environment was
maintained throughout the experiment by 28 pM final con-
centration of potassium ferricyanide. Samples were incubated
for 2 h at 15 °C, spectra were collected from 350-800 nm,
and baselines were renormalized to correct for instrument
drift. Unfolding was monitored as the change in absorbance
at 403 nm. Plots of absorbance (Abs) versus concentration of
guanidine HCI ([Gdn]) were fit to a standard two-state model
using the linear extrapolation method [25, 26]:
AGy_p=mlGdn] )

Ab Ab _< RT
Abs — (Absy) + s,€

AGy_p-m[Gdn] ) ’

1 +e_( KT
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where Absy and Absy, are the absorbance of the native and
denatured population at the monitored wavelength, m is the
slope of the unfolding transition (the m-value), AGy p is the
free energy of unfolding at 0 M guanidine HCI, and RT is
calculated at 15 °C. Fits were conducted on data averaged
from three independent replicates using three independent
preparations of the HEPES-buffered 6 M guanidine HCI
stock solution. The same three 6 M guanidine HCI stock
solutions were used for both Tp and Fc cyt ¢ unfolding
experiments to control comparative data against error in
guanidine stock concentrations.

Results

Recombinant expression and purification of diatom
cytochrome ¢,

Putative cytochrome ¢ from F. cylindrus and T. pseudonana
were recombinantly expressed in E. coli in a soluble confor-
mation with high fractional loading of heme. Following ion
exchange and size-exclusion chromatography, protein stocks
routinely showed purity indices (A,;¢,m/A250nm) O > 5, sug-
gesting a high ratio of heme-containing cytochrome relative
to non-heme protein contaminants. Both c-type cytochromes
were expressed and purified in the reduced state, with Soret
band at 416 nm and Q band features at 522 nm and 553 nm.
Protein stocks remained mostly reduced even after extended
storage in oxygenated buffer, suggesting a relatively high
reduction potential. Upon oxidation with potassium ferricya-
nide, Q bands broaden and the Soret band shifts to 408.5 nm.
Extinction coefficients for the reduced, native state at
553 nm as determined by pyridine hemochrome assay were
242+1.4mM~! em™ for Tp cyt cgand 27 +2 mM~! cm™!
for Fc cyt ¢ Pyridine hemochrome spectra were consistent
with a c-type heme attachment (data not shown).

Midpoint reduction potential

The midpoint potentials of wild-type Fc and Tp cyt ¢ were
determined using cyclic voltammetry. Proteins failed to
adsorb to pyrolytic graphite edge or SAM-modified gold sur-
faces in a mode competent for electron transfer. Therefore,
measurements were conducted using a membrane electrode
setup, where a small volume of concentrated protein solution
is sequestered in a thin film near the electrode surface using
piece of dialysis membrane [27]. Using the membrane elec-
trode setup, we observe reversible electron transfer on graph-
ite, or mercaptoethanol or mercaptohexanol SAM-modified
gold electrodes (Fig. 2). It has been previously shown that
the membrane electrode setup sequesters a layer of protein
approximately 10 pm thick near the electrode, and at scan
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rates below 100 mV/s the film is sufficiently thin that mass
transfer effects can be neglected [27, 28].

Characteristics of the voltammograms measured at low
scan rates confirm that the thin protein layer behaves accord-
ing to a thin-layer model. The peak separation between the
oxidative and reductive peaks varied between 1040 mV at
2 mV/s scan rate, and were generally smaller when passi-
vated gold electrodes were used. The observed values for
peak separation were less than the minimal theoretical peak
separation of 52 mV expected for a diffusion-controlled sys-
tem at 0 °C. Peak widths at half-height were approximately
90 mV at 2 mV/s, similar to the expected 83 mV peak width
expected for a thin-layer model. Plots of peak current versus
scan rate demonstrate a linear relationship at low scan rates,
also consistent with a thin-layer model (Supplementary Fig-
ure S2). Therefore, electrochemical data are analyzed using
a thin-layer model.

The midpoint potentials for Fc and Tp cyt ¢4 proteins
were determined using cyclic voltammetry (Table 1). A sin-
gle oxidative and reductive wave were observed on either
graphite or gold electrodes, indicating only one electroac-
tive group was being monitored. Peak potentials were con-
sistent over varying electrode surfaces; for Tp cyt c¢, the
E, ;4 on mercaptohexanol-modified gold was 382 mV vs.
SHE, whereas the E,;; on graphite was 387 mV vs. SHE.
We did not observe any low-potential “Met-loss” forms often
observed in His-Met ligated c-type cytochromes proteins
adsorbed directly to graphite surfaces [29, 30]. We observe
a slight difference in the midpoint potentials between the Fc
and Tp cyt ¢ proteins, with the mesophilic 7p cyt ¢4 display-
ing a midpoint potential approximate 4 mV higher than the
psychrophile Fc cyt c¢g at 0 °C and 15 °C.

Changes in enthalpy (AH°,.) and entropy (AS°,.) for the
reduction process were calculated by monitoring the change

in midpoint potential with temperature (Fig. 1c, Table 1).
Qualitatively, the curve for Tp cyt ¢, is shifted up in potential
relative to Fc cyt ¢g. While the slopes are very similar over
the 30 °C range monitored, the slope for the Fc cyt ¢4 plot
is slightly steeper than the slope of the Tp cyt ¢4 plot. The
entropy change is determined as the slope of the midpoint
potential vs. temperature plot and the enthalpy change is
the slope of the E/T versus T (Gibbs—Helmbholtz) plot. Cor-
responding values for AH® . and AS®,. for the two homologs
are essentially the same.

Thermal unfolding

Thermal unfolding was monitored from the oxidized, native
state (Fig. 3). As temperature increases, the absorption spec-
trum shifts without observable intermediates to an oxidized,
denatured state that has a Soret band at 404 nm, slightly
increased Soret intensity and slightly decreased Q-band
intensity. A minor feature at 630 nm builds in as the protein
unfolds, suggesting the formation of a high-spin pentacoor-
dinate state upon unfolding [31]. For all thermal unfolding
experiments, reversibility was tested by returning the system
to the starting temperature, allowing 10 min of tempera-
ture equilibration; experiments showed >90% return to the
oxidized, native state (Supplementary Figure S3). Thermal
unfolding monitored by intrinsic tryptophan fluorescence
similarly shows a single unfolding transition and melting
temperature consistent with those observed using absorption
spectroscopy, confirming that the proteins unfold coopera-
tively (Supplementary Figure S4).

To extract melting temperature and van’t Hoff enthalpy
values, thermal denaturation data were analyzed at a single
wavelength. Derivative plots were calculated and fit accord-
ing to a modified van’t Hoff equation [24]. Representative
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Fig.2 Cyclic voltammetry of cytochrome ¢4, a Raw voltammo-
gram and baseline-subtracted data for Fc cyt ¢ collected at 0.3 °C
in 20 mM HEPES, 1 M NaCl pH 7.5; edge plane pyrolytic graphite
electrode, scan rate 2 mV/s b Raw voltammogram and baseline-sub-
tracted data for Tp cyt ¢4 collected at 0.2 °C, mercaptoethanol pas-
sivated gold electrode, scan rate 2 mV/s. ¢ Relationship between mid-
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point potential (E,;;) and temperature for Fc cyt ¢, (black) and Tp cyt
¢ (gray) showing data from three independent trials. Midpoint poten-
tials were determined as the average of oxidative and reductive peak
potentials. Experimental buffer is 20 mM HEPES, 300 mM NaCl, pH
7.5, and data are collected at a scan rate of 2 mV/s
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derivative data with fits are shown in Fig. 4a. The psychro-
philic cytochrome Fc cyt ¢, melts at a significantly lower
temperature than the mesophilic cytochrome Tp cyt cq.

Melting experiments were completed in triplicate and
results from independent fits were averaged to give the
data presented in Table 2. The oxidized psychrophilic pro-
tein melts at a temperature 10.4 °C lower than the oxidized
mesophilic protein. The van’t Hoff enthalpy change upon
unfolding for Fc cyt ¢ and Tp cyt ¢4 do not show significant
differences.

Guanidine unfolding experiments

UV-Vis spectrophotometry was used to monitor the fraction
of the folded state for cytochrome ¢, over increasing concen-
trations of the chemical denaturant guanidine hydrochloride.
Free energy changes were measured at 15 °C because the
oxidized form of Fc cyt ¢4 showed a substantial population
in the unfolded state at ambient lab temperature. Spectral
changes during chemical denaturation mirrored the changes
observed for the folded to unfolded transition in thermal
denaturation. Figure 4b demonstrates the normalized aver-
age of three independent trials for each of Fc cyt ¢ or Tp
cyt ¢4, beginning in the oxidized, native state. Chemical
denaturation data with raw absorbance values and linear

extrapolation fits are shown in Supplementary Figure S5.
Qualitatively, the chemical denaturation experiments support
trends observed by thermal denaturation. Fc cyt ¢ unfolds
at lower concentrations of denaturant (C,,) than Tp cyt c;.

Single-wavelength unfolding curves were fit using the
linear-extrapolation method, yielding the free energy change
upon unfolding in water (AGy_p), and the m-value, or steep-
ness of the transition (Table 3) [25, 26]. The free energies of
unfolding for Fc and Tp cyt ¢, are the same, within the error
of the experiment. However, there is a significant difference
in the cooperativity of the unfolding transition; the m-value
for unfolding of Fc cyt ¢4 is twice the m-value for unfolding
of Tp cyt c.

Midpoint potential and thermal denaturation
of reciprocal mutants of Tp cyt ¢,

To identify the role of key amino acid substitutions in modi-
fying the reduction potential and melting temperature of the
cytochrome c¢ fold, we generated sequence variants of Tp
cyt ¢ where single alanine residues were converted to serine
residues as observed in homologous positions in the Fc cyt
¢e sequence (Fig. 1).

Substituting serine for alanine in Tp cyt ¢, caused shifts
in the midpoint potential of the heme group but only for

Table 1 Average midpoint potentials measured for wild-type cytochrome ¢, proteins from 7. pseudonana and F. cylindrus on PGE electrodes at

2 mV/s scan rate

Midpoint potential (mV vs. SHE) AH®, (k]) AS°,. J/K)
0°C 15°C

Fccyteg 383+1 368 +1.0 -65.2+04 —-104+1.5

Tp cytcg 387+0.6 372+1.7 —-63.7+1.7 -96+6

Tp cyt cs A86S 387+4 374 +3

Tp cyt cs A93S 380+3 364 +3

Tp cyt cs A126S 384 +4 371+3

Tp cyt cg A93S/A126S 376+3 358 +2

A 0.8 . . . . B 0.8 C T T T

Absorbance
Absorbance

0.06 - 4

Absorbance

-0.01

Wavelength (nm)

400 500 600 700 800 30 390
Wavelength (nm)

L 1 L | L 1 I
400 410 420 500 550 600 650 700
Wavelength (nm)

Fig.3 UV-Vis spectra collected during thermal unfolding of Fc cyt ¢4, showing the full spectra (a), Soret feature only (b) and Q-band region
(c). In all cases, the fully folded and fully unfolded endpoints are shown in black, whereas all intermediate temperatures are shown in gray
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some of the variants (Table 1). Variants Tp cyt ¢, A86S and
Tp cyt ¢ A126S showed midpoint potentials within error of
the wild-type protein. The Tp cyt ¢y A93S variant shows a
slightly depressed midpoint potential, where the Tp cyt ¢
A93S/A126S variant shows an even greater decrease in the
midpoint potential. Interestingly, the midpoint potentials of
both Tp cyt cg A93S and Tp cyt ¢ A93S/A126S variants are
lower than the midpoint potential of Fc cyt ¢4 at equivalent
temperatures.

Melting curves generated under oxidizing conditions also
showed the position-dependent effects of alanine to serine
substitutions (Table 2). While the Tp cyt ¢, A86S substitu-
tion did not cause a significant change in melting tempera-
ture, both Tp cyt cs A93S and Tp cyt ¢, A126S substitutions
resulted in an approximately 4 °C drop in melting tempera-
ture compared to the wild-type parental construct. The Tp
cyt cg A93S/A1268S substitution resulted in a 7 °C drop in
melting temperature compared to the parental construct.

Discussion
Redox properties of diatom cytochrome ¢,

Cyclic voltammetry supports the assignment of 7p35934 and
Fc271949 as cytochrome ¢4, with typical reduction poten-
tials for the family. A membrane electrode setup allowed
measurement of a single, reversible Nernstian process, with
a midpoint potential invariant with electrode surface. Mid-
point potentials of other cytochrome c¢ proteins reported in
the literature at 25 °C range from +314 to +358 mV vs SHE
[5, 32-35]. When measured at the equivalent temperature of
25 °C, Fc cyt ¢ and Tp cyt ¢, midpoint potentials fall on the

A 0012 : : : : :
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o
o
S
®
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Fig.4 Thermal and chemical denaturation of Fc and Tp cyt ¢4 a
Derivative plots of thermal unfolding of Fc cyt ¢ (black) and Tp cyt
¢ (gray). Lines represent the best fits to the derivative form of the
van’t Hoff equation. b Normalized absorbance intensity over increas-

350

Table2 Average and standard deviation for triplicate thermal dena-
turation experiments conducted in 50 mM HEPES pH 7.4

Sample® T, (K) AH ; (kJ/mol)
Tp cytcg 312.3+0.8 162+17
Fccyteg 301.9+0.3 187+7

Tp cyt cs A86S 3120x1.6 183 +£20

Tp cyt cg A93S 308.5+0.7 192+2

Tp cyt cg A126S 308.3+0.2 171+£32

Tp cyt cg A93S/A126S 305.4+0.4 160 +4

*Experiments were completed in the presence of stoichiometric
amounts of potassium ferricyanide oxidizing agent

high end of the range of other known cyt ¢4, with values of
355+ 1.5mV and 363+ 1.5 mV vs SHE, respectively.

The psychrophilic cytochrome ¢, exhibits redox param-
eters very similar to the mesophilic homolog. The difference
in midpoint potential between Tp and Fc cyt ¢4 determined
here at 0 °C and 15 °C is very small. Because differences
in AH®,. and AS°, between Tp and Fc cyt ¢, are within
the error of the experiment, these data suggest that thermo-
dynamic differences in the reduction of Fc and Tp cyt ¢
are subtle, and possibly constrained by evolution. As dem-
onstrated for all other measured c-type cytochromes, both
AH®, . and AS°, for Tp and Fc cyt ¢ are negative, reflect-
ing that the reduction process is enthalpically favored but
entropically disfavored [7, 8]. The only other psychrophilic
cytochrome c that has been investigated in the literature,
Colwellia psychrerythraea cytochrome css,, showed approx-
imate AH® and AS°,, of —42.5 kJ/mol and —70.3 J/molK,
respectively [36]. Both diatom cytochrome ¢, proteins inves-
tigated here have larger values for AH® . and AS°,, compared
to C. psychrerythraea cyt css,, showing that there can be

0.8

0.6

0.4

Normalized absorbance

0.2

2 3
[Gdn-HCI], M

ing concentration of guanidine hydrochloride, [Gdn-HCl], for Fc cyt
¢ (black) and Tp cyt cg (gray) at 15 °C. Data points represent the
average of triplicate measurements, then each curve is normalized to
a maximum absorbance of 1 to assist in visual comparison
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Table 3 Linear extrapolation method fits of chemical denaturation
data collected at 15 °C

Protein AGyp (kJ/mol) m-value (kJ/mol-M) Cip
Fccyteg 9.0+1.1 17.0+1.8 0.5
Tp cytcg 11.0+2.1 9.0+1.6 1.2

*Experiments included varying concentrations of guanidine hydro-
chloride in 50 mM HEPES pH 7.4 and 28 pM potassium ferricyanide

large differences between psychrophilic c-type cytochromes,
and demonstrating the importance of using close homologs
to elucidate mechanisms of thermal adaptation.

Thermal and chemical denaturation of diatom
cytochrome ¢,

Based on the difference in the optimal growth temperatures
for the psychrophile F. cylindrus (between 0—10 °C) [14-16]
and the mesophile T. pseudonana (20-30 °C) [11-13], we
hypothesized that there might be a difference in stability of
the two cytochrome ¢, proteins. The data demonstrate that
the melting temperature of Fc cyt ¢4 is indeed approximately
10 °C lower than the melting temperature of the mesophilic
homolog. While the melting temperature differences are
relatively small in magnitude, melting temperatures are all
determined with standard deviations of less than 1 °C pro-
viding high confidence in the measurements.

The thermodynamic parameters of folding for 7p and Fc
cyt ¢¢ reported here are in the range of those measured for
other red algal and diatom cyt ¢, proteins (Table 4). While
the m-value for Tp cyt ¢, is consistent with values measured
for red algae and diatom cyt ¢, the m-value for the psychro-
philic Fc cyt ¢, is higher. Therefore, the unfolding of the
psychrophilic protein Fc cyt ¢4 is more cooperative when
compared to other measured cytochromes in the ¢4 family.
This suggests that the larger m-value may be a specific adap-
tation to function in a continuously cold environment. Previ-
ous studies on alpha-amylases have similarly shown that the
chemical denaturation for the enzyme from a psychrophile is
more cooperative than those of homologous enzymes from
mesophiles, and thermophilic proteins tend to show unco-
operative or multistep unfolding [37].

Effect of alanine to serine substitutions

We generated single-site mutants where alanine positions
in Tp cyt ¢ sequence were converted to serine. Our data
demonstrate that while not all alanine to serine substitutions
result in a decrease in melting temperature, alanine to serine
substitutions occurring at specific sites decrease the melting
temperature by approximately 4 °C. Combining two alanine
to serine substitutions into a single wild-type background
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results in a melting temperature change of 7 °C. The effect
of multiple alanine to serine mutations is approximately
additive, but the additive effect falls short of the full 10 °C
difference between the wild-type Fc and Tp cyt ¢, proteins.
While alanine to serine substitutions contribute to thermal
adaptation, other sequence differences must also be func-
tionally relevant.

To identify why only certain alanine to serine substitu-
tions impacted melting temperature, we used homology
modeling to predict the positions of each substitution in the
tertiary structure. The Robetta server was used to gener-
ate homology models of both Fc and Tp cyt ¢4 sequences
using the structure of Phaeodactylum tricornutum cyt cq [42]
(Fig. 5). Notably, none of the mutations are in the heme
pocket. Position A86S, which did not result in a change
in melting temperature, is located on a solvent exposed,
unstructured loop. In contrast, both A93S and A126S posi-
tions, which resulted in melting temperature decreases, are
fully or partially buried. Solvent accessible surface area cal-
culations predict A93S position to be 1% solvent exposed,
whereas A126S position is predicted to be 48% solvent
exposed [43]. Therefore, homology modeling suggests that
mutations only impact melting temperature if they change
the polarity of buried residues.

If alanine versus serine substitutions are also involved
in determining the midpoint potential of Tp cyt ¢, versus
Fc cyt ¢, we expect the serine variants to have lower mid-
point potentials than wild-type Tp cyt ¢,. Consistent with
its position on an unstructured, solvent exposed loop, the
A86S variant gave the same midpoint potential as the wild-
type parent. While A126S impacted melting temperature, it
did not result in a significant decrease in midpoint potential.
The A93S variant, located at the most buried of the three
positions, showed a small decrease in midpoint potential.
Unexpectedly, the A93S/A126S variant showed an even
more depressed midpoint potential, reaching a value lower
than that of the wild-type Fc cyt ¢, at the equivalent tem-
perature. Therefore, alanine to serine substitutions do have
small impacts on the midpoint potential, but only at buried
positions.

The role of solvation in cytochrome c adaptation
to environmental temperature

In this study, we observe distinct differences in the ther-
modynamic stability of two closely homologous c-type
cytochromes and show that alanine to serine substitutions
contribute to the observed differences. The stability of c-type
cytochromes can be modulated by entropic factors, includ-
ing changes in solvation, or enthalpic factors. For exam-
ple, the model system of the mesophilic cytochrome ¢ from
Pseudomonas aeruginosa and a thermophilic homolog from
Hydrogenobacter thermophilus showed that the thermophilic
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Table{ Free energy of Protein AGyp (kJ/mol) m-value (kJ/ References

un.fo.ldmg parameters for . mol-M)

oxidized cytochrome cg proteins

reported in the literature Porphyra yezoensis cq (red algae) 10.1 10.7 [38]
Phaeodactylum tricornutum cg (diatom) 16.0 10.45 [39]
Nostoc sp. PCC 7119 ¢4 (cyanobacterium) 21.4 3.6 [40]
Phormidium laminosum c (cyanobacterium) 6.5 2.6 [41]
Fc cyt ¢ (diatom) 9.0 17.0 This work
Tp cyt cg (diatom) 11.0 9.0 This work

cyt c is stabilized primarily through entropic factors [44].
One contributor to the entropic stabilization is the greater
mobility and solvent exposure of a glutamine residue in the
heme binding pocket of the thermophilic cyt ¢ [45]. A vari-
ant of the mesophilic P. aeruginosa cyt c could be stabilized
to match the thermophilic homolog with just five recipro-
cal mutations chosen to increase side chain packing in the
protein interior, yet the resulting protein was primarily sta-
bilized by enthalpic factors [44].

Several lines of evidence suggest that differences in solva-
tion play a role in determining thermal stability differences
observed between Tp and Fc cyt ¢s. The evidence includes:
(1) the m-value for the chemical denaturation of psychro-
philic cyt ¢4 differs from that of the mesophilic homolog (2)
mutations that introduce polar groups into buried positions
impact melting temperature. Together, these data point to
a role for solvation of the native state in modulating the
behavior of the two proteins.

The substantially increased m-value for the psychrophilic
Fc cyt ¢4 reflects a change in the folding related to solvent
accessible surface area. Previous studies on mesophilic and
thermophilic homologs of RNase H observed that proteins
adapted to lower environmental temperatures showed a
larger change in solvent accessible surface area upon unfold-
ing [46]. Consistent with the RNase H model system, the
larger m-value for Fc cyt ¢ implies greater change in sol-
vent accessibility during unfolding [47]. This change could
arise from Fc cyt ¢4 having a decreased solvent accessible
surface area of the folded state or increased solvent acces-
sible surface area of the unfolded state relative to Tp cyt cg.
In the RNAse H system, the difference was attributed to
less residual structure in the unfolded state of the mesophile
compared to the thermophile [46]; further data is required to
determine whether changes in the unfolded or folded state
drive the difference observed in Fc and Tp cyt cq.

Furthermore, the fact that alanine to serine mutations
decrease the stability of the mesophilic protein supports a
role for differing solvation in determining the stability of the
wild-type proteins. Only alanine/serine positions that were
predicted to be buried resulted in changes in stability. Serine
and alanine differ greatly in the energetic cost of burial in
the protein interior; a buried serine is both conformationally

Fig.5 Homology model of Tp cyt ¢, (PyMOL). Heme group is
shown in sticks, and positions of beta carbon atoms of alanine 86, 93
and 126 are shown as yellow spheres

restricted due to hydrogen bonding and more costly to des-
olvate because of its greater hydrophilicity. The combined
conformational restriction and hydrophobicity factors result
in a total predicted cost difference for burial of alanine vs.
serine of approximately 9 kJ/mol at 300 K [48]. We observe
appoximately 2 kJ/mol difference between the free energies
of unfolding for wild-type Tp and Fc cyt ¢, significantly
less than the additive cost of burial of two serines instead
of alanines. One way to mitigate the cost of burial of serine
versus alanine would be an increase in the solvent accessibil-
ity of the buried serines of Fc cyt cq.

Differences in solvation, specifically of the native state,
could also explain the modest difference in midpoint
potentials of Fc and Tp cyt c¢c. Solvation has been shown
to have a significant impact on the midpoint potential of
c-type cytochromes, but the direction of the change is
highly dependent on the location of the solvent molecules.
Increased solvent accessibility of the heme group should
cause a decrease in midpoint potential due to stabilization
of higher charge oxidation states by the relatively polariz-
able solvent, and this effect has been shown to have a sig-
nificant effect on tuning heme potentials [49-51]. However,
mutations in the heme pocket that increase solvent acces-
sibility can also increase the midpoint potential, perhaps as
a result of electrostatic interactions or aromatic hydrogen
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bonds formed between the polar group and the porphyrin
ring [5]. Increased solvation of a heme propionate has been
calculated to raise the standard reduction potential by up to
50 mV [52]. Given the modest 4-10 mV changes in mid-
point potentials measured in this study, it is likely that sev-
eral different compensating effects are at work to minimize
the impact of amino acid differences on the potential.

The reduction and unfolding transitions of c-type
cytochromes are related by a thermodynamic cycle. Changes
in reduction potential could be due to changes in stability of
the ferrous state, ferric state, or both. In this study, we com-
pare the stabilities of the ferric cytochromes only. Therefore,
it is possible that the alanine to serine mutations generated in
this study modulate the reduction potentials through chang-
ing the stability of the ferrous state.

Possible compensatory roles for other amino acid
differences

Additional varying positions may serve to compensate for
the effect of the alanine versus serine substitutions ana-
lyzed in this study. The serine (Fc cyt ¢g) versus aspar-
agine (Tp cyt c¢) substitution at position 90 may act to
compensate for the alanine versus serine substitution at
position 93. Fc Ser 90 is predicted based on homology
modeling to form a hydrogen bonding network with the
side chain of Ser 93 and the backbone carbonyl of Gly
88, forming a stabilizing turn motif between that caps the
N-terminal end of the third helix. In Tp cyt ¢4, position
93 is occupied by alanine, but the longer Asn at position
90 is predicted to form a direct hydrogen bond with the
backbone carbonyl of Gly 87, maintaining the helical cap-
ping motif. The alanine versus serine substitution at posi-
tion 128 may serve to mitigate the Fc Ser 126 versus Tp
Ala 126 substitution. As position 126 and 128 occur on
the same alpha helix, the Fc Ala 128 versus Tp Ser 128
ensures one of the two positions in the helix remains ala-
nine, perhaps to maintain helical propensity. Alternatively,
because position 128 is entirely buried in the hydrophobic
core of the protein, burial of the alanine in Fc cyt ¢, may
contribute a compensatory stabilization to the free energy
of folding through greater hydrophobicity and lesser
change in conformational entropy.

Another intriguing difference between Tp and Fc cyt
¢ sequences is the additional glutamate residue on the
C-terminus of the Fc cyt ¢4 sequence (Fig. 1). The single
C-terminal glutamate in P. tricornutum cyt cg is absent
from the PDB file and presumably unstructured. However,
homology models suggest possible interactions between
acidic C-terminal residues and the omega loop immedi-
ately following helix I’ in the structure in both Fc and Tp
cyt cs. The additional C-terminal glutamate may have indi-
rect effects on the heme through modifying the structure of
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the omega loop and its contacts with the heme propionates.
Direct electrostatic effects are unlikely given the predicted
15 A distance between the C-terminus and the heme iron.

Conclusions

The folding and reduction of c-type cytochromes are ther-
modynamically coupled phenomena. The data presented
here suggest a mechanism where solvation of the folded
state is important in adaptation of an electron transfer pro-
tein to varying functional temperatures. Increased solvent
accessibility of the hydrophobic core is expected to lower
the thermodynamic stability and also affect the reduction
potential of the heme iron. While a decrease in folding
stability would be correlated to greater conformational
flexibility at lower temperatures, the functional role of
the decreased reduction potential for the psychrophilic
protein is less clear. We look forward to future studies
comparing psychrophilic and mesophilic electron trans-
fer proteins to understand whether solvation is a common
theme in adaptation of redox-active proteins to function
at low temperatures.
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