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Abstract
Methane clathrates on continental margins contain the largest stores of hydrocarbons on Earth, yet the role of biomolecules in clathrate 
formation and stability remains almost completely unknown. Here, we report new methane clathrate-binding proteins (CbpAs) of 
bacterial origin discovered in metagenomes from gas clathrate-bearing ocean sediments. CbpAs show similar suppression of methane 
clathrate growth as the commercial gas clathrate inhibitor polyvinylpyrrolidone and inhibit clathrate growth at lower concentrations 
than antifreeze proteins (AFPs) previously tested. Unlike AFPs, CbpAs are selective for clathrate over ice. CbpA3 adopts a nonglobular, 
extended structure with an exposed hydrophobic surface, and, unexpectedly, its TxxxAxxxAxx motif common to AFPs is buried and 
not involved in clathrate binding. Instead, simulations and mutagenesis suggest a bipartite interaction of CbpAs with methane 
clathrate, with the pyrrolidine ring of a highly conserved proline residue mediating binding by filling empty clathrate cages. The 
discovery that CbpAs exert such potent control on methane clathrate properties implies that biomolecules from native sediment 
bacteria may be important for clathrate stability and habitability.
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Introduction
Methane clathrates, cages of water that trap methane gas, store 
thousands of gigatons of carbon on Earth’s continental shelves 
and in permafrost deposits (1–4), and may harbor habitable envi-
ronments for life on other planetary bodies (5). Clathrates contain 
unique microbial communities that are adapted for life at low 
temperature, high salinity, and high pressure (6). Because clath-
rate formation during deep-water drilling operations poses ser-
ious hazards (7, 8), chemical clathrate inhibitors are commonly 
added to drilling fluids at high concentrations to suppress clath-
rate formation (9, 10). Thermodynamic clathrate inhibitors such 

as ethanol and methanol are used commercially to reduce clath-
rate formation temperature but require large doses due to the fast 

water flow rates required (11). Kinetic clathrate inhibitors, such as 

the polymers polyvinylpyrrolidone (PVP) and polyvinyl caprolac-

tam, delay clathrate nucleation and crystal growth and require 

lower doses with slower flow rates needed (11, 12); such water- 

soluble polymers are nonbiodegradable and accumulate in the 

environment (13). The ongoing search for eco-friendly gas clath-

rate inhibitors motivated studies of the response of gas clathrate 

growth to the presence of antifreeze proteins (AFPs) from various 

cold-dwelling organisms (14). Type I AFPs isolated from 
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cold-water fish have been shown to be gas clathrate inhibitors (15) 
but are not scalable for industrial application (14).

In this study, we report bacterial clathrate-binding proteins 
(CbpAs) that potently inhibit methane clathrate growth. These 
bacterial CbpAs were initially discovered in metagenomes 
from deep subsurface methane clathrate-bearing sediments 
based on their threonine-alanine (TxxxAxxxAxx) motifs com-
mon to AFPs (16). Recombinantly expressed and purified 
CbpAs bind to and alter the morphology of structure II tetra-
hydrofuran clathrate, a low-pressure analog for gas clathrate 
(16). Here, we show that these proteins suppress methane clath-
rate growth and we then provide a molecular basis for this activ-
ity through structural and biochemical studies combined with 
molecular dynamic (MD) simulations. The discovery of CbpAs 
indicates that native sediment bacteria possess such biomole-
cules for clathrate stability and habitability, and provides a 
path forward for a scalable, eco-friendly industrial gas clathrate 
inhibitor.

Results
Activity toward methane clathrate
Having previously determined that CbpAs are capable of modify-
ing structure II clathrate and inhibiting its growth, we sought to 
ascertain whether CbpAs interact with biologically relevant struc-
ture I methane clathrate in which their originators dwell. Of the 
CbpA homologs tested, CbpA3 was the most potent inhibitor of 
methane clathrate growth. Compared with the buffer-only con-
trol, treatments with CbpA3 grew significantly less methane clath-
rate (P = 0.003; Fig. 1A), and clathrate dissociated at significantly 
higher pressure (P = 0.01; Fig. 1A and B). Clathrate dissociation 
also occurred more quickly in treatments with CbpAs due to less 
clathrate being formed (Fig. S1). Equimolar CbpA3 and PVP treat-
ments were not significantly different in gas consumption 
(P = 1.00; Fig. 1A) nor in dissociation pressure (P = 0.99; Fig. 1A 
and B). Other CbpAs tested, namely CbpA2, CbpA5, and CbpA6, 
suppressed clathrate growth and elevated dissociation pressure, 
but with more variability than PVP or CbpA3 (Fig. 1A and B). 
Clathrate growth and stability in phosphate-buffered saline 
(PBS) buffer were unaffected by cytochrome c (P = 0.97; P = 0.90) 
or type I AFP (P = 0.27; P = 0.91; Fig. 1A and B). Our results for 
type I AFP are consistent with analogous assays in a different ex-
perimental setup (18). Unlike type I AFPs (18, 19), all CbpAs tested 
(CbpA3, CbpA5, and CbpA6) do not bind to ice and have no effect on 
ice growth (Movie S1 and Fig. S2). Notably, all CbpAs were more ac-
tive inhibitors of clathrate growth at lower concentrations than 
previously tested AFPs (Fig. 2).

Morphological differences are apparent in clathrate shells 
generated from different samples in our custom pressure cell. 
Droplets containing CbpAs or PVP that inhibit clathrate forma-
tion generate smooth and rounded clathrate shells (Fig. 3). In 
contrast, clathrate formed by droplets with buffer, cytochrome 
c, or type I AFP appears as cratered domes, with depressions in 
the center of the droplets. At low driving forces, where the dif-
ference between the Gibbs free energy of the solution and the 
crystal phases is relatively small, cratering in clathrate shells 
commonly occurs over long periods of time (≥24 h) near stability 
boundaries (29–31). The high driving forces during clathrate nu-
cleation (−9°C and 5 MPa) in our experiments likely result in 
rapid growth in the absence of inhibitors, causing water to be 
pulled from the center to the sides for further clathrate forma-
tion (Fig. 3), as observed at high driving forces in a previous 
study (32).

Structure determination of CbpA3

To clarify the molecular basis of methane clathrate inhibition, we 
conducted crystallization trials of CbpAs. After extensive testing 
of various parameters such as protein identity, protein buffer, 
protein concentration, limited proteolysis, and sparse matrix con-
ditions, promising hits were obtained for CbpA3. Mass spectrom-
etry analysis of CbpA3 crystals similar to those ultimately used 
for structure determination confirmed that CbpA3 was truncated 
in situ to residues 43–283. Subsequently, pretreatment of CbpA3 

with actinase E yielded crystals suitable for structure determin-
ation (Fig. S3).

We obtained phases for CbpA3 crystal diffraction data by mo-
lecular replacement. The search model was the highest confi-
dence region (56 residues) of the AlphaFold2 (33) model 
generated with ColabFold (34). Outside of these 56 residues, the 
AlphaFold-predicted structure is of very low confidence (not 
shown). The refined 3 Å resolution experimental model comprises 
residues 99–268 and encompasses the only TxxxAxxxAxx se-
quence motif in CbpA3 (Fig. S4). The root-mean-square deviation 
(rmsd) between the initial 56 residue model used for phasing 
and the corresponding residues in the final experimental 
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Fig. 1. Effect of CbpAs on clathrate growth and stability. A) Greater 
volume of gas consumed is indicative of more clathrate growth, and 
greater final dissociation pressure is indicative of less stable clathrate. 
The inset shows significant P-values from Student’s t tests of the buffer 
solution (PBS) with pairs for gas consumed (Volume(CH4)) and final 
dissociation pressure (Dissoc. P). B) Clathrate stability is measured by 
final clathrate dissociation temperature and pressure. The dotted gray 
line: clathrate stability curve from Sloan and Koh (17,).
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structure is 0.5 Å. In contrast, the rmsd between the 170-residue 
final experimental structure and the full predicted AlphaFold 
model is 4.9 Å (not shown). Thus, despite serving a critical role 
in obtaining phases for our experimental structure, additional 

detailed insights are not possible from the low-confidence 
AlphaFold model. Finally, we infer that susceptibility to proteoly-
sis leading to a structurally characterized fragment likely derives 
from linker regions flanking the crystallized fragment. The contri-
bution of N- and C-terminal regions of CbpA3 to clathrate inhib-
ition will be the focus of future studies.

Constructs corresponding to identified proteolytic fragments 
of CbpA3, namely CbpA3

43–283 from mass spectrometry and 
CbpA3

96–283 slightly larger than the observed structure, inhibited 
methane clathrate growth (Figs. 1A and 2) and increased dissoci-
ation pressure (Fig. 1A and B), confirming the relevance of these 
constructs to methane clathrate inhibition by CbpA3. Inhibition 
by CbpA3

43–283 was particularly robust (P = 0.0008; Figs. 1A, B and 
2) compared with buffer-only control. CbpA3

96–283, which was as-
sayed at a lower concentration due to lower protein yield from 
purification, exhibited a moderate, but detectable, inhibitory 
effect (Figs. 1A, B and 2). Taken together, the structure of 
CbpA3

99–268 provides a critical starting point for comprehending 
how these proteins function at a molecular level.

CbpA3 structure
The structure of CbpA3

99–268 (PDB 8DOT) reveals a largely α-helical 
and unprecedented nonglobular protein (Fig. 4A and Table S2) 
with two surprising features. First, the TxxxAxxxAxx motif, which 
was used to identify CbpA3 as a CbpA candidate (16), is buried at 
the interface of two α-helices (Fig. 4B). Based on precedents from 
AFPs (35), these Thr and Ala residues were expected to be surface 
exposed for activity against gas clathrate, as they are believed to 
insert into partially formed clathrate cages at the growing clath-
rate surface in a manner similar to methane guest molecules. 
Second, CbpA3 contains an unusual surface-exposed hydrophobic 

Fig. 3. Morphological impact of inhibitors on methane clathrate shell. Left: a cartoon illustrating methane clathrate development at the beginning of 
clathrate growth and at 3 h, with and without inhibitors. Right: representative photographs of experimental methane clathrate of each growth stage, 
labeled by treatment.
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Fig. 2. Effects of AFPs and CbpAs on clathrate growth compared with 
control. Clathrate growth is measured by percent change in gas 
consumed relative to the control; the more negative values indicate less 
clathrate growth. Data for type I AFP (gray), type III AFP (black), and LpAFP 
(Lolium perenne; perennial rye grass) AFP (cross) tested on natural gas 
clathrate (squares), methane clathrate (circles), and propane clathrates 
(triangles) were compiled from the literature (20–28); see Table S1 for 
experimental conditions in previous studies. The colored circles show the 
mean % change for CbpAs tested on methane clathrate in this study. The 
error bars represent ±1 SEM.
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patch (Fig. S5); inside a cleft in this feature, the structure contains 
a polyethylene glycol molecule. Except for Trp235, the residues 
comprising this hydrophobic surface are largely conserved across 
putative CbpA homologs (Table S3 and Fig. S6).

MD simulations
Having established that the components of CbpA3

99–268 visible in 
our structure reflect a protein that inhibits methane clathrate, 
we next performed MD simulations to gain mechanistic insight 
into regions of this portion of the protein that are critical for me-
thane clathrate binding. Starting from two replicas of six distinct 
orientations of the protein 25 Å from the clathrate surface, spon-
taneous sustained binding was observed in three of the twelve 
1-μs simulations. These binding events revealed two potential 
interaction sites on the protein (Fig. 5A and B, Movies S2 and S3). 
The first site, centered on Pro138 located on a flat, nonpolar loop 
(Fig. 4C), was the most consistent interface identified, and binding 
occurred via the pyrrolidine ring of Pro138 filling an empty clath-
rate cage (Fig. 5A and B). The second surface is anchored by 
Thr237 (Fig. 4D) and is also flat and relatively uncharged. The 
most stable in silico interaction involved bipartite binding through 
both Pro138 and Thr237 sites (Fig. 5A). None of the simulations 
yielded interactions involving the TxxxAxxxAxx motif, which re-
mained buried.

To determine the favorability of the observed binding interac-
tions, we estimated the binding free energies with enhanced sam-
pling calculations. Starting from the most stable binding pose 
(Fig. 5A), we defined a collective variable as a reaction coordinate 
for each binding site, namely the distance between Pro138 and the 
clathrate surface as well as that between Thr237 and the surface. 
To determine the potential of mean force (PMF) along each reaction 
coordinate, we combined metadynamics and extended-system 
adaptive biasing forces (meta-eABF (36, 37)) for simulations totaling 
600 and 450 ns, respectively. The PMF curves, which were converged 
by the end of simulations (Fig. S7), illustrate that the binding free en-
ergies are approximately −7.8 kcal/mol for the Pro138 site and 
−10.7 kcal/mol for the Thr237 site (Fig. 6). These very favorable bind-
ing free energies further confirm the binding interface observed in 
the simulations of CbpA3

99–268 and guide the mutagenesis experi-
ments described below. We do not rule out the possibility that other 
portions of CbpA3 that were not amenable to structural character-
ization in this study also bind methane clathrate or confer higher- 
ordered oligomers to increase the avidity of CbpA3

99–268 to methane 
clathrate.

Experimental assessment of predicted  
interaction interface
To experimentally validate the surfaces predicted as clathrate 
binding, we prepared CbpA3

43–283(P138K) and CbpA3
43–283(T237K). 

Fig. 4. Overall architecture and key structural features of CbpA3
99–268. A) Cartoon representation of CbpA3

99–268 with N- and C-termini labeled. Key 
structural elements are indicated by 1–3, which are detailed in panels B–D, respectively. B) Sole TxxxAxxxAxx motif of CbpA3. Motif residues colored 
blue and shown as sticks. The dashed line represents hydrogen bond (3.3 Å) between Thr side chains on opposing helices. C) Top, cartoon representation 
of the clathrate-binding loop harboring P138 (magenta sticks). Bottom, electrostatic surface potential of the clathrate-binding loop, colored negative 
(red, −5 kT/e−) to positive (blue, +5 kT/e−). D) Cartoon (top) and electrostatic surface potential (bottom) views of clathrate-interacting helix containing 
T237 (magenta sticks). Electrostatic surface potential colored as in C).
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Lys was selected to inhibit protein–clathrate interactions through 
added steric bulk and charge at the protein surface. Substitutions 
were made in the CbpA3

43–283 construct, which was selected for its 
robust inhibition of methane clathrate (Figs. 1 and 2) and excellent 
expression/purification profile. CbpA3

43–283(T237K) attenuated the 
inhibitory effect of CbpA3

43–283 (Fig. 7A). CbpA3
43–283(P138K) and a 

double mutant harboring both Lys mutations, CbpA3
43–283(P138K/ 

T237K), lost the ability to inhibit methane clathrate growth 
(Fig. 7A) and displayed methane clathrate stability similar to 
that of the buffer control (Fig. 7B). Likewise, MD simulations in-
corporating the Lys mutations on the CbpA3 model corroborate 
the inactivation of the protein observed in vitro. Even with the pro-
tein starting just 4 Å from the clathrate surface in an orientation 

suitable for binding, it instead moved away from the surface in 
100 ns simulations (Fig. S8A–C and Movies S4–S6). While the resi-
dues of the clathrate-binding surface centered on Thr237 tolerate 
some variability among CbpAs, Pro138 is strictly conserved 

A

B

Thr237
Pro138

Pro138

Thr237

Fig. 5. MD simulations reveal spontaneous binding of CbpA3 to methane 
clathrate. A, B) Interaction interfaces. Stable binding of CbpA3 (residues 
99–268, pink cartoon) to the clathrate surface in multiple orientations was 
observed. Methane is shown as cyan spheres; water is not shown for 
clarity. Residues interacting with the clathrate are highlighted in 
magenta on the cartoon representation. Pro138 and Thr237 are shown as 
magenta sticks. A) The most stable interaction through the 
clathrate-binding loop containing Pro138 as well as a clathrate-binding 
helix containing Thr237. B) Binding through the clathrate-binding loop 
harboring Pro138.

Fig. 6. PMF for separation of each binding site from the clathrate surface. 
The starting state for each free-energy calculation was that in Fig. 5A. 
A collective variable representing the distance between each respective 
residue (Thr237 or Pro138) and the clathrate surface was defined and used 
for calculating the PMF. The other side of the protein remained bound 
during each calculation.

PBS (n=4)
PVP (n=4)
CbpA3

43-283 (n=3)
CbpA3

43-283(P138K) (n=7)
CbpA3

43-283(T237K) (n=5)
CbpA3

43-283(P138K/T237K) (n=6)

A

B

Fig. 7. Effect of CbpA43–283 mutants on clathrate growth and stability. See 
Fig. 1 for details on A) and B).
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(Table S3 and Fig. S6). These data suggest that Pro138 is a key resi-
due for clathrate binding and growth inhibition by CbpA3

43–283. 
Interestingly, L-proline on its own is known to be an effective 
thermodynamic clathrate inhibitor (38).

Finally, to probe the role of the TxxxAxxxAxx motif, we pre-
pared the Thr-to-Ala variant CbpA3

43–283(T251A). Despite the con-
servative substitution, this construct was found exclusively in 
inclusion bodies, and no soluble material could be isolated. This 
result suggests a structural role for Thr251 integral to CbpA3

43–283 

folding. In the CbpA3
99–268 structure, Thr251 and Thr229 side 

chains are within hydrogen bonding distance (Fig. 4B); this contact 
would be lost in CbpA3

43–283(T251A). The Thr and Ala residues of 
the TxxxAxxxAxx motif are largely invariant among CbpAs 
(Table S3 and Fig. S6), an observation that supports the import-
ance of these helical residues in the structural integrity of this pro-
tein family.

Discussion
Our study reveals a new protein scaffold and molecular mechan-
ism for inhibition of gas clathrate. Bacterial CbpA3, which is read-
ily expressed and purified in preparative quantities, is a selective 
gas clathrate inhibitor more potent than type I AFPs and similar to 
PVP in both potency and resultant clathrate morphology. We 
found that the TxxxAxxxAxx motif in CbpA has a role in structural 
integrity rather than clathrate binding. A similar function was ob-
served in the large type I AFP isoform Maxi, where the motif proj-
ects inwards in a four-helix bundle fold to help hold two dimers 
together by organizing internal clathrate waters (39). Despite 
this difference, clathrate binding occurs on two distal, flat, and 
largely hydrophobic protein surfaces like surfaces described for 
AFPs. CbpAs do not recognize ice and are selective for clathrate; 
this disparity is supported by the novel binding mechanism of 
CbpAs with methane clathrate.

While we note that the structure of CbpA3 is incomplete, it 
largely encompasses the conserved core of CbpAs (16). The 
N- and C-termini may also participate in clathrate recognition 
and binding or could enhance interactions with clathrate surfaces 
through facilitating avidity; we have preliminary evidence 
(not shown) that CbpAs are multimeric in solution. Though 
we have demonstrated the structural importance of the single 
TxxxAxxxAxx motif in CbpA3, other CbpAs harbor multiple such 
motifs that we have not ruled out as playing a role in clathrate 
binding. A full-length structure of functionally related CbpAs 
(16) will allow for elucidation of the role of these additional canon-
ical motifs in gas clathrate modulation.

Bacterial CbpAs from ocean sediments hold promise for com-
mercial application as eco-friendly substitutes for PVP and sug-
gest that bacterial biomolecules may influence gas clathrate 
stability, with important repercussions for clathrate dissociation 
in warming oceans (40). Scaling up CbpA production as well as 
testing the efficacy of CbpAs on large volumes of natural gas 
clathrate is required before field use. Additional tests using stirred 
reactors (41), which mimic the environment of pipelines, as well 
as determining the stability of natural gas clathrates upon clath-
rate reformation (memory effect) in the presence of CbpAs, will in-
form application practicality.

The capacity for bacterial CbpAs to influence clathrate growth 
also lends insight into bacterial strategies for adaptation and sur-
vival in deep subsurface clathrate-containing ecosystems, which 
are widespread in the solar system (42). Understanding the 
physiological relevance of bacterial survival strategies will require 
additional experimentation, analogous to work done with AFPs 

(43–45). It remains unknown how mechanistically CbpAs might 
enable organismal survival in clathrate-rich environments and 
what concentration of protein is required to maintain a fluid niche 
space in gas clathrates. Answers to these questions will help elu-
cidate the role of CbpAs in their bacterial hosts and inform 
technological applications.

Materials and methods
Methane clathrate growth chamber experimental 
design
In order to test the influence of CbpAs on methane clathrate 
growth, we engineered a custom pressure cell capable of generat-
ing methane clathrate from a 250-µL liquid sample droplet (46). 
During each experiment, the volume of methane gas consumed, 
which reflects the extent of clathrate growth, is obtained from 
measured pressure and temperature data (Fig. S9).

Recombinant protein expression  
and purification
CbpAs used in this study were CbpA2, CbpA3 and variants thereof, 
CbpA5, and CbpA6. CbpAs2,3,5,6 were expressed and purified as pre-
viously published (16) (see Supplemental Text for details). Protein 
purity was confirmed by sodium dodecyl sulfate-polyacrylamide 
gel electrophoresis (SDS–PAGE) analysis (Fig. S10A–E), visualized 
with Coomassie blue staining using a ChemiDoc MP Imaging 
Station (Bio-Rad). Concentrations of CbpAs and variants thereof 
were determined using absorbance readings at 280 nm, employ-
ing extinction coefficients and molecular weights calculated 
with Expasy (Table S4). The concentration of CbpA3

96–283 was esti-
mated with a Bradford assay (Amresco), using bovine serum albu-
min as a calibration standard.

Methane clathrate experiments
The effect of CbpA proteins on methane clathrate growth in a 
pressure cell was tested following a previously established meth-
od (46) (see Supplemental Text for details). The controls were PBS 
(the solution in which additives were suspended), cytochrome c 
(Sigma-Aldrich C2506, 13 µM), PVP (Sigma-Aldrich PVP10, 
13 µM), and a cocktail of type I AFPs (A/F Protein Inc., AFP type I, 
13 µM).

Ice crystallization
A custom-made nanoliter osmometer (18) with a temperature sta-
bility of ±0.001°C was used to test CbpAs for ice growth inhibition 
(see Supplemental Text for details).

Limited proteolysis
CbpA3 was subjected to limited proteolysis using the Proti-Ace 
and Proti-Ace 2 kits (Hampton Research). Reactions were 
quenched with the addition of Laemmli buffer. Proteolysis was 
evaluated by SDS–PAGE analysis (Figs. S3 and S11), and gels 
were visualized with Coomassie staining.

Identification of protein crystal constituents by 
mass spectrometry
Protein crystals of CbpA3 were harvested and dissolved in PBS 
(Lonza). The resultant protein was applied to an SDS–PAGE gel, 
and the gel was stained with Coomassie blue for visualization 
(Fig. S3). Protein fragment bands were analyzed with Glu-C and 
Trypsin-digest mass spectrometry at the Systems Mass 
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Spectrometry Core at the Georgia Institute of Technology to iden-
tify the N- and C-termini of the proteolyzed CbpA3.

Crystallization and structure determination 
of CbpA3

CbpA3 protein used in crystallization trials was pretreated with 
actinase E protease from the Proti-Ace 2 kit (Hampton Research; 
see Supplemental Text for details). Crystals grew within 4 months. 
Crystals were harvested directly from the drop and cryo-cooled in 
liquid nitrogen. Diffraction data were collected at the Advanced 
Photon Source, Argonne National Laboratories Southeast Region 
Collaborative Access Team (SER-CAT) beamline 22-ID. The 
CbpA3

96–283 structure was deposited into PDB (ID 8DOT).

MD simulations and enhanced sampling 
calculations
To gain insight into potential modes of interaction of CbpA3 with 
methane clathrate, we ran MD simulations starting from six ini-
tial protein orientations relative to a stable slab of methane clath-
rate surrounded by water. To estimate the binding free energies 
for the two binding sites identified in equilibrium simulations, 
we combined well-tempered metadynamics and extended- 
system adaptive biasing forces using the meta-eABF method (37) 
(see Supplemental Text for details).

Statistical analysis
Student’s t tests were run to compare buffer-only controls with 
treatments. N and P values are provided in the text and figures.
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