Metallomics

Accepted Manuscript

This is an Accepted Manuscript, which has been through the
Royal Society of Chemistry peer review process and has been

. accepted for publication.
Metallomics

Accepted Manuscripts are published online shortly after
acceptance, before technical editing, formatting and proof reading.
Using this free service, authors can make their results available

to the community, in citable form, before we publish the edited
article. We will replace this Accepted Manuscript with the edited
and formatted Advance Article as soon as it is available.

You can find more information about Accepted Manuscripts in the
Information for Authors.

Please note that technical editing may introduce minor changes
to the text and/or graphics, which may alter content. The journal's
standard Terms & Conditions and the Ethical guidelines still

g"msmm apply. In no event shall the Royal Society of Chemistry be held

2 responsible for any errors or omissions in this Accepted Manuscript
or any consequences arising from the use of any information it
contains.

[{ RO‘YAL SOCIETY .
OF CHEMISTRY www.rsc.org/metallomics


http://www.rsc.org/Publishing/Journals/guidelines/AuthorGuidelines/JournalPolicy/accepted_manuscripts.asp
http://www.rsc.org/help/termsconditions.asp
http://www.rsc.org/publishing/journals/guidelines/

Page 1 of 27 Metallomics

©CoO~NOUTA,WNPE

The molecular structure of the electron-transfer protein cytochrome css; from a cold-
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Abstract

Approximately 40% of all proteins are metalloproteins, and approximately 80% of
Earth’s ecosystems are at temperatures < 5 °C, including 90% of the global
ocean. Thus, an essential aspect of marine metallobiochemistry is an
understanding of the structure, dynamics, and mechanisms of cold adaptation of
metalloproteins from marine microorganisms. Here, the molecular structure of the
electron-transfer protein cytochrome css2 from the psychrophilic marine bacterium
Colwellia psychrerythraea 34H has been determined by X-ray crystallography
(PDB: 401W). The structure is highly superimposable with that of the
homologous cytochrome from the mesophile Marinobacter
hydrocarbonoclasticus. Based on structural analysis and comparison of
psychrophilic, psychrotolerant, and mesophilic sequences, a methionine-based

ligand-substitution mechanism for psychrophilic protein stabilization is proposed.
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Introduction

Since the discovery of life at geothermal features, both marine and terrestrial,
thermophilic organisms and the proteins they produce have received much
attention from researchers. Often unrecognized is the fact that most of Earth’s
ecosystems (~80%) are permanently at temperatures < 5 °C. These ecosystems
include the global ocean below 1000 m in addition to polar and alpine regions.
Moreover, there is an amazing diversity of life that not only thrives in these cold
environments but also, in many cases, requires low temperatures for survival.'?
These psychrophilic (“cold-loving”) organisms play major roles in global nutrient

cycling, as well as in bioremediation of both anthropogenic oil spills and natural

petroleum seeps.

The importance of psychrophilic microorganisms is particularly clear in the
aftermath of the catastrophic blowout of BP’s Deepwater Horizon/Macondo
MC252 well in the Gulf of Mexico in 2010. In addition to the tragic loss of 11
workers in the resulting fire and explosions, 780 million liters (4.9 million barrels)
of oil were spilled over 84 days.>* A particular challenge for the cleanup was the
fact that the spill occurred at 1500 m depth. Beyond the well-documented
engineering challenges and oil plume dynamics associated with the great depth,
an important environmental consideration was the fact that the Gulf of Mexico
below 700 m is continually 2-5 °C. Analysis during and after the spill has

revealed that the natural microbial consortia involved in hydrocarbon
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bioremediation in the cold, deep water of the Gulf of Mexico are different from

those in surface waters or in coastal sediments.> '

Among the primary groups of hydrocarbonoclastic microorganisms found in
deep, cold Gulf water samples after the Macondo blowout were species of
Colwellia.>® Additional studies have confirmed the ability of Colwellia sp. isolated
from the spill environment to degrade hydrocarbons effectively.” ® Most Colwellia
observed to date are obligately psychrophilic bacteria; that is, they require
temperatures below 10 °C for growth. The type strain Colwellia psychrerythraea
34H, the genome of which has been sequenced, was isolated from Arctic marine

sediments.®

Incidents such as the BP/Deepwater Horizon oil spill emphasize how little is still
known of psychrophilic microbiology. Even less is known about the biological
inorganic chemistry of these organisms. A persistent question is how cellular
processes such as electron transfer, energy storage, and metal ion homeostasis
occur with reasonable rates at decreased temperatures. Investigations of
psychrophilic bioinorganic chemistry are essential to understanding the roles of

16-17

psychrophilic and psychrotolerant microorganisms in global biogeochemical

cycles and in bioremediation.

As a window into elucidating what molecular adaptations must take place to

support the psychrophilic lifestyle, we have been studying the electron transfer
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metalloprotein cytochrome css; from Colwellia psychrerythraea 34H."®'® The
protein sequence is provided as Figure S1 (Supporting Information). Here, we
report the first X-ray crystal structure of a c-type cytochrome from a psychrophilic
microorganism. We compare this structure with published structures from
homologous mesophilic cytochromes and highlight features that may be
important psychrophilic adaptations. We suggest future work to further elucidate
molecular mechanisms of psychrophilicity, with a particular emphasis on metal—

ligand substitution processes in cytochrome c.

Results and Discussion

The structure of cytochrome css2 from C. psychrerythraea 34H (Cpcyt css2) was
determined to 2.00 A resolution using synchrotron radiation (Figure 1, Table S1,
PDB: 401W). The Cpcyt css2 structure is highly superimposable with the
structure of cytochrome css; from the mesophilic marine bacterium Marinobacter
hydrocarbonoclasticus, formerly known as Pseudomonas nautica (Mhcyt csso,
PDB: 1CNO).?>%" Figure 2 shows the superposition of single monomers of Mhcyt
Css2 and Cpceyt css2. The high structural similarity combined with only moderate
sequence similarity (57%) makes this pair of proteins an excellent system for

investigating the molecular basis of specific psychrophilic adaptations.

Cpcyt cs52 forms a dimer in the solid state (Figure 1); there are six monomers in
the asymmetric unit, grouped into three dimer pairs (Figure S2). As in the case of

Mhcyt css2, the structure of the Cpcyt csso dimer is extremely similar to that of
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two-heme cytochromes such as cytochrome cs from Pseudomonas stutzerii
(PDB: 1ETP).?% 22 Figure S3 shows the superposition of the three structures.
Both size exclusion chromatography and analytical ultracentrifugation indicate
that Cpcyt css2 is a dimer in solution as well as in the solid state. The electron-
transfer partner of Cpcyt css2 is not yet known; but the structure is consistent with
the idea that Cpcyt css2 acts as an electron shuttle to cytochrome ¢ peroxidase

and/or nitrous oxide reductase, as reported for Mhcyt cs52.2% %

As shown in Figure 3, the dimer interface is dominated by interactions between
the propionate groups of the two hemes, along with hydrogen bonds from the
heme propionates to Tyr39, Lys42, GIn43 and Arg52. As observed by Brown et
al. for Mhcyt css2, the closeness of the propionate oxygens between the two
monomer units (2.537 A in Cpcyt css;) indicates that one of the propionate
oxygens must be protonated and hydrogen bonded to the propionate oxygen of
the heme in the other monomer. Otherwise, the interaction between those two

oxygens would be highly repulsive.?

The iron is axially coordinated to His18 through nitrogen and to Met57 via sulfur,
as is typical for cytochrome cssp. Iron—ligand distances are consistent with
assignment as low-spin Fe(lll). The heme in each monomer exhibits moderate

ruffling, as is expected for c-type cytochromes.?*%°
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Of particular interest in the amino acid sequence of Cpcyt css; is the relatively
high number of methionine residues (six), most of which are highly conserved in
sequences from psychrophilic bacteria. The structure of Cpcyt css2 reveals that
although Met57 is the axial methionine, upon ligand dissociation a minor
structural change would permit Met60 to ligate the heme iron in place of Met57
(Figure S4). In fact, it appears practical for any one of five of the six methionines
to misligate the heme upon partial protein unfolding: Met57, Met60, Met62,
Met69, and Met 79. (Met13 is adjacent to the cysteines (Cys14, Cys17) that are
covalently bound to the heme vinyl groups and is thus constrained from iron

coordination.)

We propose that as the protein unfolds, perhaps with temperature fluctuations in
its marine environment, the native methionine (Met57) dissociates from the heme
iron. Because the overall protein is highly flexible (Figure S5), more so than its
mesophilic counterparts, the dissociation of Met57 has the potential to lead
rapidly to full denaturation. If the protein unfolds completely, it may get trapped in
a deep well on the protein folding energy landscape from which it cannot escape.
However, heme ligation by a nearby methionine residue may keep the protein
from unfolding completely. This heme—methionine misligation would keep the
protein in shallow energy minima on the folding landscape, allowing it the
opportunity to refold and regain both native structure and native ligation. The
heme misligation keeps the protein minimally frustrated,?®® increasing the

barrier to irreversible denaturation.
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Such a mechanism, comparable to heme misligation by histidine in mitochondrial

cytochromes ¢ during the protein folding process,?*°

could account in part for
the surprising stability we have observed for Cpcyt Css2."° In the mitochondrial
cytochromes, it is now well accepted that the heme works as a built-in folding
chaperone, with heme misligation by His26 and His33 expediting protein folding
by supporting the formation of native contacts.>**" It has long been proposed that
psychrophilic proteins have greater flexibility so that protein dynamics at low
temperatures can be equivalent to the dynamics of mesophilic proteins at room
temperature.®® Questions remain, however, whether this flexibility is global or is
localized to particular areas of a protein, and also how this increased flexibility

might impact protein stability. Little attention has been paid to the role that metal—

ligand binding might play in modulating protein stability or flexibility.

The question arises why psychrophilic marine bacteria might use methionine as a
stabilizing ligand instead of using histidines as mesophilic mitochondrial
cytochromes do. We suggest that the answer may lie in the temperature
dependence of acid-base equilibria. As noted by E. J. King in 1965, “Our
devotion to values of K, at 25 °[C] must not blind us to the fact that the relative
strength of two acids is altered by a change in temperature.”® There is significant
variability in the degree to which temperature changes affect pK, values, a fact
too often overlooked. The pK, of imidazole, the side chain of the amino acid

histidine, has a small but significant temperature dependence (dpK./dT = —
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0.020).>* Importantly, this change takes the pK, of imidazole from 6.95 at 25 °C
to > 7.4 at 0-5 °C,**%* the temperatures at which psychrophilic marine
microorganisms such as Colwellia are living. Thus, at the pH of the cell, histidine
will be found commonly in its protonated state at 0-5 °C, in contrast to its
deprotonated condition at 25 °C or higher. The increased protonation of histidine
at low temperatures, and thus its unsuitability as a metal-binding ligand, could
have led to the evolutionary use of methionine rather than histidine as a
stabilizing ligand in psychrophilic microorganisms. Methionine metal binding is

through a thioether sulfur, which cannot be protonated under cellular conditions.

Met57 (the native axial methionine), Met60, and Met62 are highly conserved in
cytochromes from psychrophilic and psychrotolerant bacteria but not in those
from mesophilic bacteria (Figure S6). This observation is consistent with the idea
that these methionines play a role in stabilizing the protein structure in

psychrophilic cyt ¢ss2 in ways that are unnecessary in mesophilic cyt Csso.

In the crystal structure reported here, there are six monomers in the asymmetric
unit, arranged in three dimer-pairs. Using MatchMaker in UCSF Chimera,*” we
superimposed the structures of each of the dimer pairs to look for variations
(Figure S7). Substantial differences in the orientation of the methionine side
chain exist for both Met60 and Met62 in different copies of the dimer in the
asymmetric unit. These differences in the solid state structure may result from a

variety of factors, including crystal packing. They suggest, however, a degree of
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flexibility in these amino acids consistent with ligand substitution reactions. The
crystallographic B-factors for these amino acids (26.7-48.3 A?) are higher than
the average for the structure (25.20 Az), consistent with greater structural
dynamics (Figure S5).3® (By comparison, the B-factors for the iron-bound axial

Met57 are much lower, 15.1-25.6 A2.)

Of note, little to no interchain positional variation was observed for Met69 and
Met79. Met69 and Met79 are much less well conserved and are frequently
substituted by leucine or isoleucine even in psychrophilic proteins, suggesting
that the hydrophobicity of the residue is more important than its metal-binding

capabilities in those positions.

The protein crystal structure reported here provides valuable insights into the
potential role of methionine in accounting for the surprising stability of Cpcyt css».
In previous work, we reported that Cpcyt css2 is more stable (i.e., it has a higher
midpoint temperature of unfolding) than expected for a flexible, psychrophilic
protein.18 The structural parameters reported here are consistent with a flexible
protein but also suggest a possible mechanism for protein stabilization based on
ligand substitution processes, specifically binding of heme iron by non-native
methionine ligands. Analysis of the Cpcyt c¢ss; molecular structure coupled with
sequence alignments of related psychrophilic, psychrotolerant, and mesophilic

proteins points to Met60 and Met62 as the most likely candidates for a role in
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heme misligation. We are beginning further spectroscopic, structural, site-

directed mutagenesis, and computational studies to investigate this prediction.

Experimental

Cpcyt cs52 was overexpressed in Escherichia coli BL21(DES3)-Star and purified by
cation exchange chromatography as previously reported.’® The mass of Cpcyt
Css2 was confirmed by MALDI-TOF mass spectrometry (Scripps Center for Mass
Spectrometry, La Jolla, CA); calculated mass 8832 Da, measured m/z 8834.
Initial crystal hits were obtained for Cpcyt css2; using a Mosquito protein
crystallization robot (TTP Labtech) and the JCSG Core IV screen (Qiagen).
Crystals were further optimized to diffraction quality in a condition containing 0.2
M lithium sulfate, 28-30% PEG 4000, 50 mM Tris pH 9.0, and 5% trehalose.
Diffraction experiments were conducted on beamline X4C at the National
Synchrotron Light Source (NSLS) at Brookhaven National Laboratory. Owing to
the large, planar nature of the crystals obtained, only crystals grown in 5% cryo-
additive displayed favorable freezing properties. One crystal diffracted to 2.01 A
with reasonable mosaicity allowing for structure determination. The data were
processed in HKL2000, and phases were obtained using molecular replacement
in the program Phaser. Refinement was carried out using Refmac with manual
model building in Coot, and all residues fell in the favorable region of the
Ramachandran plot (Figure S8). The structure has been deposited in the Protein

Data Bank (www.pdb.org) with PDB code 401W.
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UV-visible absorption spectra were obtained using a Varian Cary 5000 UV-vis-
NIR spectrophotometer. The spectra are as described previously.” The
oligomerization state of Cpcyt css2 in solution was determined by analytical size
exclusion chromatography with a Superdex 75 10/300 GL column and an
AKTApurifier (GE Healthcare), calibrated with Low Molecular Weight Calibration

Standards (GE Healthcare).

Conclusion

The secondary, tertiary, and quaternary structure of Cpcyt cssp, as determined by
X-ray crystallography, are nearly identical to known cytochrome structures, low to
moderate sequence similarity notwithstanding. This experimental demonstration
of structural similarity confirms Cpcyt css2 as an excellent model system for
studies of molecular mechanisms of psychrophilicity. Like its mesophilic
homologue from M. hydrocarbonoclasticus, Cpcyt css2 crystallizes as a dimer
reminiscent of two-heme cytochromes such as cytochrome ¢4 from
Pseudomonas stutzerii. Positioning of methionine residues in Cpcyt Css2 is
consistent with a proposal for heme—methionine misligation as a stabilization
mechanism. Structural thermal parameters (B-factors) and differential orientation
of the Met60 and Met62 side chains in multiple copies of the protein within the
asymmetric unit are consistent with a dynamic role for these residues. This
structural study provides insights into mechanisms of psychrophilicity in marine
metalloproteins and suggests additional experiments to further elucidate these

mechanisms.
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Figure 1. Molecular structure of one dimer unit of Cpcyt css2, showing the heme
covalently bound to Cys14 and Cys17 and the heme iron axially coordinated to
His18 and Met57. (PDB: 401W)

Figure 2. One monomer (chain B) of Cpcyt css,2 (purple, PDB: 401W)
superposed with one monomer (chain A) of Mhcyt c¢ss2 (tan, PDB: 1CNO).
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Figure 3. Cpcyt css2 dimer interface, showing hydrogen-bonding interactions
between the heme propionates, waters of crystallization, and Tyr39, Lys42,
GIn43, and Arg52.
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Table S1. Crystallographic Data Collection and Refinement
(Data in parentheses are for the highest resolution shell)

Wavelength (&)
Resolution range (&)
Space group
Unit cell

Total reflections
Unique reflections
Multiplicity
Completeness (%)
Mean I/sigma(I)
Wilson B-factor
R-merge

R-work

R-free

Number of atoms
macromolecules
ligands

water

Protein residues
RMS (bonds)

RMS (angles)
Ramachandran favored (%)
Ramachandran outliers (%)
Clashscore

Average B-factor
macromolecules
ligands

solvent

0.

97950

19.95 - 2.002 (2.073 - 2.002)

C

121

a = 130.28, b = 45.043, ¢ = 87.574

0=90 B=90.85

34186 (

Yy=90

3176)
3.49

98.64 (93.19)

11.69 (

0.1701 (0.
0.2171 (0.

6.39)
23.44
0.108
1662)
2121)
7440
3393
277
204
477
0.015
1.53
99

0
8.71
25.20
25.40
19.30
29.20
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16 Figure S1. Amino acid sequence of cytochrome css; from Colwellia

17 psychrerythraea, numbered to be consistent with cyt css, from Marinobacter
hydrocarbonoclasticus. Labeled in bold are the covalent heme attachments
20 (Cys14 and Cys17) and the native axial metal-binding residues (His18 and
21 Met57).

47 Figure S2. Molecular structure of Cpcyt css2 showing the three dimer pairs in the
48 asymmetric unit.
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Figure S3. Superposition of the structures of a Cpcyt ¢ss2 dimer (401W, purple),
a Mhcyt css2 dimer (1CNO, tan), and the two-heme cyt c4 from Pseudomonas
stutzerii (1ETP, blue).
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Figure S4. Structure of Cpcyt cs5, monomer showing the position of the six
methionine residues. Met57 (the axial methionine), Met60, and Met 62 are
shown in darker magenta and are highly conserved in psychrophilic
cytochromes. Met13, Met69, and Met79 are shown in lighter pink and are
conserved as hydrophobic amino acids but not specifically as methionine.

22
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7.78 35.7709 63.46

12.16 37.0844 61.74

Figure S5. Structures of cyt css2 colored by residue-averaged B-factor. The
structures are depicted using “worms,” with the diameter of the “worm”
proportional to the B-factor. The greater average B-factors for the Cpcyt css2 (B)
structure, particularly in the outer portions of the structure, are consistent with
greater flexibility and dynamics than observed for the Mhcyt css, structure (A).

A. Structure of Mhcyt c¢ss52 (PDB: 1CNO) B. Structure of Cpcyt ¢s52 (PDB: 401W).
The three dimers found in the asymmetric unit are superposed. Methionine
residues are highlighted. Met62 in particular exhibits relatively high B-factors,
consistent with high flexibility or dynamics.
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Consensus

1. Colwellia psychrerythraea 34H
2. Colwellia piezophila

3. Moritella dasanensis

4. Vibrio sinaloensis

5. Oceanimonas smirnovii

6. Shewanella denitrificans 05217
7. Dasania marina

8. Aeromonas caviae

9. Vibrio cholerae

10. Marinobacter sp. ES-1
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Figure S6. Sequence alignment of ten homologous cytochrome ¢ sequences.

Sequences 1-3 are from psychrophiles, sequences 4-7 are from psychrotolerant
species, and sequences 8-10 are from mesophiles. Met60 and Met62 are highly
conserved as methionines in psychrophiles, fairly well-conserved in
psychrotolerant species, and not well-conserved in mesophiles. Met13, Met69

and Met79 are well conserved as hydrophobic residues (e.g., Met, lle, Leu, Val)
but not necessarily as methionine. The trends exemplified here are also
observed in a larger sequence alignment that includes the top 100 sequences
from a BLAST search of Cpcyt css2 against the NCBI nr protein database.
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Figure S7. Superposition of the three dimers found in the Cpcyt ¢552
asymmetric unit highlighting the methionine residues, with chain A in purple,
chain C in blue, and chain E in tan. There are substantial differences in the
positions of Met60 and Met62 in each of the three chains. By contrast, Met69,
Met79, and Met57 (the axial methionine) from each chain are highly
superposable.
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34 Figure S8. Ramachandran plot for Cpcyt csss.
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