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Abstract 10 

Cold-adapted bidomain enzymes are vital for transforming modern industries by 11 

decreasing energy consumption, delivering economic benefits, and fostering sustainability 12 

through reduced greenhouse gas emissions. Yet, the design strategies guiding their acquisition 13 

of cold adaptation remain unknown. Here, we developed an integrated computational-14 

experimental strategy to engineer bidomain enzymes for enhanced cold-adaptation. Using five 15 

model amylase variants exhibiting different degrees of cold adaptation, we identified a 16 

descriptor from molecular dynamics simulations, namely domain separation index (DSI), 17 

which positively correlates with bidomain amylases’ relative activity at 0°C. The bidomain 18 

amylase variants with a longer distance between its catalytic domain and carbohydrate-binding 19 

module (i.e., a high DSI) were observed to demonstrate cold adaptation. Guided by DSI, we 20 

developed a high-throughput molecular modeling protocol to convert the thermophilic 21 
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Pseudomonas saccharophila amylase (psA) into a cold-adapted bidomain enzyme, virtually 22 

screening 120 psA variants with different linkers. Two psA variants with a greater DSI value 23 

were selected and experimentally confirmed to be cold-adapted, with the psA121 variant 24 

achieving a 12-fold increase in relative activity at 0°C from 2.4% (specific activity: 14 U/mg) 25 

to 30.5% (specific activity: 219 U/mg). Conformational analyses reveal that compared to non-26 

cold-adapted counterparts, cold-adapted variants leverage its linker to induce domain 27 

separation and enhance flexibility of active-site and binding loop via dynamic allostery, thereby 28 

promoting substrate recruiting, binding, and catalysis at lower temperatures. Statistical 29 

analyses of 120 variants demonstrate that helical motifs within linkers drive interdomain 30 

separation. Overall, our study offers strategies for engineering cold-adapted bidomain enzymes 31 

and suggests the molecular basis of cold adaptation in bidomain amylases. 32 

Introduction 33 

Biocatalytic cold adaptation, characterized by an enzyme’s ability to maintain high 34 

catalytic activity at lower temperatures (e.g., 0°C to 25°C) 1-3, holds the potential for 35 

transforming modern industries 4. Comprising 30%–40% of global industrial enzyme 36 

applications, cold-adapted proteases, lipases, amylases, and cellulases have revolutionized the 37 

laundry sector in low-temperature washing 5, textile sector in biopolishing 6, food industries in 38 

oligosaccharide and dairy production 7-8, and bioremediation sectors in polymer degradation 2, 39 

9. Additionally, cold-adapted enzymes provide solutions to minimizing industrial heating, 40 

thereby safeguarding heat-sensitive reactions 8, 10 and reducing greenhouse gas emissions 2, 4. 41 

To underscore its impact, consider the starch industry, where eliminating the heating of 9 42 
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million tons of a 30% starch solution (~5% of yearly starch production) by 10°C, with an 80% 43 

efficient natural gas system, could result in a reduction of around 25.8 billion grams of CO2 44 

per year (Text S1). With an estimated global market value exceeding $750 million in 2023 45 

(assuming 5% annual growth compound rate) 11, cold-adapted enzymes emerge not only as an 46 

economical choice but also as a driver for attaining sustainability in energy and the 47 

environment. 48 

The pressing challenge is the lack of strategies for engineering enzymes, particularly 49 

bidomain enzymes, for enhanced cold adaptation 3, 12. Bidomain enzymes occupy 60% of all 50 

enzyme classes, outnumbering single-domain enzymes threefold 13-14. For example, amylases, 51 

constituting ~25% of the industrial enzyme market share 15, typically have a bidomain construct, 52 

featuring a catalytic domain (CD) for accelerating the reaction, a carbohydrate-binding module 53 

(CBM) for substrate recruitment, and a peptide linker connecting both domains. Structure-54 

function relationship studies for single-domain enzymes have elucidated the association 55 

between enhanced conformational flexibility and cold adaptation, including local flexibility 56 

(e.g., active site residues 16-17, substrate binding loops 18-19, and surface loops 20-21), global 57 

enzyme flexibility 8, 12, and hidden conformational states 22-23. By installing a flexible loop in 58 

the active site, Meyer Cifuentes et al. converted a mesophilic polyethylene terephthalate 59 

hydrolase to a cold-adapted counterpart 2, 9. However, bidomain enzymes differ significantly 60 

from single-domain enzymes because their interdomain interactions and mobilities can easily 61 

override conformational flexibilities within a single CD 24-25. The peptide linkers, covalently 62 

bridging functional domains, also influence overall functions of the fused proteins 26-27. In 63 

addition, bidomain enzymes pose more difficulties for structural characterization through 64 
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NMR due to their large size and through crystallography due to the high disorder and flexibility 65 

of their linker region. As such, despite their prevalence and industrial significance, the 66 

engineering principle for bidomain enzymes to acquire cold adaptation remains unknown 3, 12.  67 

In this study, we developed an integrated computational-experimental strategy to engineer 68 

bidomain enzyme variants for enhanced cold adaptation. Using a thermophilic Pseudomonas 69 

saccharophila amylase (psA), a cold-adapted Saccharophagus degradans amylase (sdA), and 70 

their domain-swapping variants as model enzymes, we identified a molecular dynamics (MD) 71 

modeling-derived descriptor, domain separation index (DSI), to be linearly correlated with 72 

their experimentally measured relative activities at 0°C (i.e., the magnitude of cold adaptation), 73 

with cold-adapted bidomain enzymes showing a greater DSI value. We performed high-74 

throughput computational screening over 120 psA variants with distinct linkers and found two 75 

psA variants, psA121 and psA475, with top-ranked DSI values. Both variants were 76 

characterized to be cold-adapted variants, with psA121 achieving a 12-fold increase in relative 77 

activity at 0°C from 2.4% (specific activity: 14 U/mg) to 30.5% (specific activity: 219 U/mg). 78 

MD analyses of psA121 elucidate the role of the linker in separating CD and CBM for 79 

promoting substrate recruitment, and in inducing dynamic fluctuation of the active-site loop in 80 

CD and substrate-binding loop in CBM for promoting substrate binding and catalysis via 81 

dynamic allostery. Eventually, statistical analyses for 120 variants demonstrate the significance 82 

of helical motifs to induce interdomain separation. Overall, this study offers practical strategies 83 

for engineering cold-adapted bidomain enzymes and elucidates the molecular basis of cold 84 

adaptation in bidomain amylases. These insights pave the way for rational design of enzymes 85 

with enhanced cold adaptation, potentially leading to significant advancements in industrial 86 
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biotechnology and sustainable bioprocesses. 87 

Results and Discussion 88 

Domain separation index is a predictor for engineering cold-adapted bidomain amylases 89 

Enhanced flexibility has long been associated with the emergence of cold adaptation in 90 

enzymes 12, 16-21. However, a quantitative correlation between MD descriptors measuring 91 

flexibility and the degree of cold adaptation (i.e., relative activity at lower temperatures 92 

compared to optimal temperature) has remained elusive. Identifying such a molecular 93 

descriptor will guide the engineering of cold-adapted amylases. Therefore, using five wild-type 94 

and mutant amylases as model systems (Figure 1A), we investigated the correlation between 95 

their degree of cold adaptation and MD descriptors that measure different facets of bidomain 96 

enzyme flexibility, including conformational fluctuation (root mean square deviation, RMSD), 97 

geometric compactness (radius of gyration, Rg), and interdomain separation (domain separation 98 

index, DSI). Notably, DSI, a new descriptor proposed in this study, is calculated by subtracting 99 

the sum of the Rg values of both domains from their geometric center distance (Figure 1B). 100 

DSI evaluates the spatial proximity between both domains by mitigating the influence of 101 

protein size. 102 

The model enzymes involve sdA, psA, and three psA variants with domain swapping 103 

(Figure 1A): psA-sp (psA’s linker replaced by sdA’s), psA-ps (psA’s CBM replaced by sdA’s), 104 

and psA-ss (psA’s linker and CBM replaced by sdA’s). We experimentally assessed cold 105 

adaptation in these five enzymes by comparing their activities at 0°C to their maximum 106 

activities at 45°C (Table S1). Among the variants, psA, psA-sp, and psA-ps show less than 107 
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5.2% of their maximum activity at 0°C, indicating a lack of cold adaptation. In contrast, sdA 108 

and psA-ss retain 27.8% and 26.3% of their maximum activity at 0°C, respectively, 109 

demonstrating cold adaptation (Figure 1C).  110 

Based on MD trajectories (5 × 200 ns, 0°C) simulated with AMBER 28, we computed 111 

RMSD, Rg, and DSI for sdA, psA and three psA variants (i.e., psA-sp, psA-ps, and psA-ss). 112 

No linear correlation was observed between the magnitude of cold adaptation and RMSD 113 

(Pearson correlation coefficient r: 0.23, Spearman correlation coefficient ρ: -0.10, Figure 1C). 114 

However, significant linear correlations were observed between cold adaptation and both Rg 115 

(r: 0.95, ρ: 0.90, Figure 1C) and DSI (r: 0.99, ρ: 1.00, Figure 1C). Both descriptors show that 116 

cold-adapted enzymes tend to be more “flexible”, exhibiting an extended conformation with a 117 

greater Rg (sdA: 27.8 Å; psA-ss: 26.5 Å) and enhanced domain separation with a higher DSI 118 

(sdA: 8.9 Å; psA-ss: 8.5 Å). This observation supports the hypothesis that increased flexibility 119 

aids in cold adaptation. From non-cold-adapted (psA, psA-sp, and psA-ps) to cold-adapted 120 

amylases (sdA and psA-ss), Rg increases by merely 13.6% (24.5 Å to 27.8 Å), while DSI 121 

increases ~8.0-fold (1.0 Å to 8.9 Å). Thus, DSI demonstrates greater sensitivity to changes in 122 

cold adaptation. 123 

DSI’s numerical sensitivity originates from its ability to capture conformational states with 124 

varying interdomain interactions. To illustrate this point, we compared the time-evolution and 125 

distribution of DSI at 0°C in psA-ss (cold-adapted) and psA-sp (non-cold-adapted) (Figure 1D 126 

and 1E). Both psA variants differ only in the source of CBM domains but involve distinct 127 

relative activities at 0°C (psA-ss: 26.3% vs. psA-sp: 0.9%) and DSI values (psA-ss: 8.5 Å vs. 128 
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psA-sp: 1.0 Å) (Figure 1C). During a typical 200 ns MD trajectory, the DSI of psA-ss 129 

fluctuates between 4 and 17 Å throughout the duration, averaging at 10.8 Å (Figure 1D), 130 

featuring a diverse population of extended conformational states (Figure 1E). In contrast, 131 

despite containing a small population of extended conformational states, psA-sp’s DSI drops 132 

to -0.1 Å at 84.5 ns and remains below 0 Å (indicating domain overlaps) with minimal 133 

fluctuation (Figure 1D), which demonstrates the dominance of a compact conformational state 134 

(Figure 1E).  135 

Compared to psA-sp, an enhanced interdomain separation in psA-ss prevents the two 136 

domains from interfering each other and improves CBM’s accessibility to recruit 137 

polysaccharide substrate in solution 29. Assuming that CBM can freely rotate around CD with 138 

the radius of DSI, psA-ss can cover a spherical volume of 2550 Å3, which is 632 times greater 139 

than psA-sp, covering merely 4 Å3. Due to its improved substrate accessibility, psA-ss likely 140 

maintains high activity in cold environments with limited substrate and water mobility 8. 141 

Considering DSI’s strong correlation with cold adaptation, numerical sensitivity to changes in 142 

cold adaptation, and physical relevance to conformational flexibility of bidomain enzymes, 143 

DSI will be used as a descriptor for guiding the engineering of cold-adapted bidomain 144 

amylases.  145 
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 146 

Figure 1. Comparative analysis of activity and molecular descriptors in psA, sdA, and psA 147 

variants. (A) Structural composition of psA, sdA, and psA variants. (B) Schematic depicting 148 

the definition of DSI. (C) Relative activity, DSI, RMSD and Rg for psA, sdA, and psA variants 149 

at 0°C. Relative activity was quantified as the percentage ratio of enzymatic activity observed 150 

at 0°C to that at the optimal temperature for the enzyme (45°C). DSI, RMSD and Rg are 151 
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obtained from MD simulations (5 × 200 ns, 0°C) using AMBER force field under a constant 152 

number of particles, volume, and temperature conditions with explicit water molecules. Data 153 

are presented as mean ± standard derivation. The linear regression equations are as follows: y 154 

= 0.270x + 1.475, z = 0.016x + 4.551, and w = 0.101x + 24.437, where x, y, z and w represent 155 

relative activity, DSI, RMSD and Rg, respectively. (D) Time evolution and distribution of DSI 156 

in a single 200 ns trajectory for psA-ss and psA-sp at 0°C. (E) Structural overlay of typical 157 

snapshots for psA-ss and psA-sp at 0°C. 158 

Engineer mesophilic amylase psA for cold adaptation via high-throughput in silico 159 

screening of linker 160 

Using DSI as a predictive descriptor, we set up a computational protocol with EnzyHTP 161 

30-31, our high-throughput enzyme modeling software, to select psA variants with a strong 162 

likelihood for cold adaptation (Figure 2A). The protocol screens different peptide linkers that 163 

covalently bridge psA’s CD and CBM domains, as engineering the linkers of bidomain 164 

enzymes (e.g., adjusting length, flexibility, and amino acid composition) has resulted in 165 

enhanced activity 32-34, expressibility 35, solubility 33, and stability 32, 34, 36. Combining natural 166 

peptide linkers stored in LinkDB 37 and SynLinker databases 38, we created 3,528 psA variants 167 

(psA1—psA3528, Supplementary spreadsheet S1) and predicted their structures using 168 

AlphaFold2 39. These variants were categorized into four groups based on linker length (cutoff: 169 

9 amino acids) and the presence of helical motifs (predicted by the DSSP method 40), including: 170 

1) short and helical, 2) short and non-helical, 3) long and helical, and 4) long and non-helical 171 

(Supplementary spreadsheet S1). We randomly selected 120 psA variants (30 per category) 172 
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and conducted 200 ns MD simulation at 0°C on each variant using EnzyHTP 30-31, aiming to 173 

identify the variants with an average DSI and standard deviation value above 8.5 and 2.6 Å, 174 

respectively (Table S2). Based on the regression model between DSI and relative activities 175 

(Figure 1C), exceeding this DSI threshold is estimated to maintain ~26.3% maximum activity 176 

at 0°C, featuring a cold-adapted psA variant. Out of the 120 psA variants, 10 demonstrate a 177 

DSI and standard deviation values exceeding the threshold and were selected to undertake a 178 

second round of 200 ns MD run (Figure 2B and Table S3). As a result, two variants, psA121 179 

(DSI = 20.6±3.4 Å) and psA475 (DSI = 18.3±4.4 Å), were selected for experimental test 180 

(Figure S1 and S2).  181 

We expressed and purified psA121 and psA475, and characterized their activities at 182 

different temperatures ranging from 0°C to 75°C. Both psA121 and psA475 exhibit optimal 183 

hydrolytic activities at 45°C (Figure 2C and Figure S5), the same as the wild-type psA. 184 

Consistent with our computational prediction, both psA121 and psA475 demonstrate cold 185 

adaptation. At 0°C, psA121 and psA475 retain 30.5% and 20.1% of their maximum activities, 186 

which, compared to the wild-type psA, enhance the relative activities by 11.5-fold and 7.2-187 

fold, respectively. At 25°C, psA121 and psA475 retain 78.1% and 65.8% of their maximum 188 

activities, respectively, which are 1.7-fold and 1.2-fold higher than those of the wild-type psA 189 

(Figure 2D). These results show that high-throughput in silico screening of interdomain linkers 190 

with a high DSI is an effective strategy for converting mesophilic to cold-adapted bidomain 191 

amylases. This approach differs from single-domain enzyme engineering, which achieves cold 192 

adaptation by increasing the flexibility of active-site and surface loops 18-19, 41. 193 
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Unexpectedly, psA121 shows both enhanced cold adaptation and increased activity at high 194 

temperatures compared to wild-type psA. psA121 retains 29.4% of its maximum activity at 195 

75°C (Figure 2C), in sharp contrast to sdA, the native cold-adapted amylase, which rapidly 196 

loses activity above its optimal temperature (45°C) and becomes completely inactive at 75°C. 197 

To our knowledge, amylases with broader temperature adaptation across 75°C have rarely been 198 

reported 42-43. Cold-adapted enzymes typically show reduced activity and stability at high 199 

temperatures compared to their mesophilic counterparts 1, 44-45. Due to its broader temperature 200 

adaptation, psA121 holds a great potential for industrial applications due to its cooperation 201 

with other enzymes for use in a diverse range of working temperatures in cascade reactions 46-202 

47.  203 
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 204 

Figure 2. Identification of cold-adapted psA variants through high-throughput screening of 205 

linker. (A) Workflow for identifying cold-adapted psA variants by integrating computational 206 

and experimental methods. We created 3,528 psA variants (psA1–psA3528) by replacing psA's 207 

native linker with sequences from the LinkDB and SynLinker databases. The structures of these 208 

variants were predicted using AlphaFold2, and the secondary structure within the linker region 209 

was analyzed using the DSSP method. The variants were categorized into four groups based 210 

on linker topology, focusing on linker length and the presence of a helix. We randomly selected 211 
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30 variants from each group, totaling 120 variants, and performed MD simulations at 273.15 212 

K. Variants with an average DSI exceeding 8.5 Å and a DSI standard deviation above 2.6 Å 213 

across two MD runs were selected for further experimental validation to confirm their cold 214 

adaptation. (B) Average DSI and standard deviation for psA variants. Variants are plotted as 215 

circles in a 12 × 10 matrix, with their corresponding coordinates, average DSI, and standard 216 

deviation values listed in Tables S3 and S4. The size of each circle represents the average DSI, 217 

with larger circles indicating higher DSI values. The darkness of each circle represents the 218 

standard deviation of the DSI, with darker circles indicating higher standard deviations. psA-219 

ss is used as a reference, with average DSI and standard deviation values above 8.5 Å and 2.6 220 

Å, respectively. In the first round of MD simulations for the 120 variants (left), 10 variants 221 

show average DSI and standard deviation values above 8.5 Å and 2.6 Å, respectively. In the 222 

second round of MD simulations for these 10 variants (right), two variants (psA121 and 223 

psA475) meet the same DSI criteria. (C) Relative activities of psA121, psA475, sdA and psA 224 

at temperatures ranging from 0°C to 75°C. (D) Relative activities of psA, psA121 and psA475 225 

at 0°C and 25°C. Relative activity is quantified as the percentage ratio of enzymatic activity 226 

observed at the specified assay temperature to that at the optimal temperature for the enzyme. 227 

Data are shown as mean ± standard deviation. 228 

Linker-mediated domain separation induces dynamic allostery to enhance flexibility of 229 

the active-site loop in CD and the binding loop in CBM 230 

In prior sections, we demonstrated domain separation index (DSI) as a predictor for cold 231 

adaptation in bidomain amylases. By adopting the linkers that increase the DSI between the 232 
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CD and CBM at 0°C, we experimentally converted thermophilic psA into two cold-adapted 233 

variants (psA121 and psA475). In particular, psA121 exhibits a 7.8-fold higher DSI (5 × 200 234 

ns MD runs) and a 12.5-fold higher relative activity than psA at 0°C. However, it remains 235 

unclear how changing the linker influences the CD and CBM, thereby enhancing the psA121’s 236 

capability of substrate recruiting, binding, and catalysis at lower temperatures. For single-237 

domain enzymes, cold adaptation is hypothesized to arise from increased structural flexibility 238 

in either the active site region 16-17, 19, 48-53 or the surface region 20-21, 41, 44, 54-57. Therefore, using 239 

psA121 as a model, we compared the root-mean-square fluctuation (RMSF) values of its CD 240 

and CBM residues with those of psA (Figure 3A and Figure 4A).  241 

Compared with psA, psA121 shows significantly increased flexibility in both the surface 242 

loop (L387–S403, colored in red, Figures 3A and 3B) and active-site loop (F289–R316, 243 

colored in green, Figures 3A and 3B), exhibiting a 1.3-fold and 2.2-fold increase in RMSF, 244 

respectively (Tables 1 and S6). These results align with prior studies indicating that cold-245 

adapted enzymes exhibit greater flexibility in their active-site and surface loops compared to 246 

their mesophilic counterparts 16-17, 48-53. However, a notable distinction in our work is that most 247 

existing cold-adapted enzyme variants involve mutations in the CD 18-19, 41, whereas psA121 248 

maintains an identical CD sequence to psA, differing only in the linker region that is ~30 Å 249 

away from the active site and surface loops.  250 

To investigate the structural basis of linker-induced dynamic allostery in CD, we compared 251 

H-bonding patterns in psA and psA121, emphasizing the CD-CBM interface, the surface loop 252 

L387–S403, and the active-site loop F289–R316. In psA, the CD-CBM complex prefers a 253 
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compact conformation with a low DSI value (e.g., DSI = -0.4 Å exemplified in Figure 3C), 254 

featuring the formation of multiple pairs of inter-domain H-bonds at the CD-CBM interface, 255 

including S364-G461, S364-N462, F365-S464, F365-S467 and S377-S458 (Figure S3). 256 

Among these pairs, F365 resides in an interface loop (F365–G371, colored in purple, Figure 257 

3C) that interacts strongly with the surface loop (in green) via three H-bonds (i.e., Y369-Q396, 258 

S370-S389, S370-D390), thereby limiting the mobility of the surface loop 58-59.  In psA121, the 259 

CD and CBM domains are physically spaced by the rigid α-helical linker (colored in blue, 260 

Figure 3D), leading to an extended conformation with broken inter-domain H-bonding 261 

interactions at the CD-CBM interface (e.g., DSI > 10 Å in all MD snapshots, exemplified in 262 

Figure S1). The disruption of H-bonding networks mobilizes the surface loop (in green) and 263 

reorients the surface loop to interact with the active-site loop (in red) through an H-bond 264 

between R316 and V397 (Figure 3E). The interaction is characterized by a broad distribution 265 

of R316–V397 distance over 8 Å, with the active-site loop switching to an open state for 266 

substrate binding as the R316–V397 H-bond is on, and a closed state for catalysis as the R316–267 

V397 H-bond is off (Figure 3F). Induced by the mobile surface loop, the active-site loop in 268 

psA121 is capable of quickly recruiting the substrate for binding and orienting the substrate in 269 

a conformation favoring the reaction through the catalytic residue D294 60-63 at lower 270 

temperatures, instead of populating dominantly in one state like psA (Figure S3).  271 
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 272 

Figure 3. Effects of linker on interdomain separation and flexibility of CD. (A) RMSF of 273 

residues within the CD of psA and psA121. Two loop regions in psA121 involve significant 274 

increases in flexibility compared to psA, including Loop F289–R316 (active-site loop, colored 275 

in red) and Loop L387–S403 (surface loop, colored in green). (B) Structure of psA highlighting 276 

the active-site loop (F289–R316, colored in red) and surface loop (L387–S403, colored in 277 

green). The catalytic residue D294 is shown as a red sphere. (C) Conformation of a typical 278 

snapshot of psA, highlighting the active-site loop (F289–R316, colored in red), surface loop 279 

(L387–S403, colored in green), interface loop (F365–G371, colored in purple), and linker 280 
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(G419–L433, colored in orange). The interface loop interacts with the surface loop via three 281 

H-bonds (i.e., Y369-Q396, S370-S389, S370-D390). (D) Conformation of a typical snapshot 282 

of psA121, highlighting the active-site loop (F289–R316, colored in red), surface loop (L387–283 

S403, colored in green), interface loop (F365–G371, colored in purple), and linker (A419–284 

G434, colored in blue). (E) The distribution of distances between the oxygen atom of residue 285 

V397 and the hydrogen atom of residue R319. Distances less than 4 Å are shown in pale red, 286 

indicating the formation of hydrogen bonds, while distances greater than 4 Å are shown in dark 287 

red, indicating no hydrogen bond formation. The gray dashed line marks the threshold distance 288 

of 4 Å. (F) Conformations of typical snapshots of psA121 in complex with maltoheptaose 289 

analog. The open and closed conformation of the active-site loop are shown in pale red and 290 

dark red, respectively. The ligand is localized by aligning the CD (D1–S418) of the psA121 291 

structures with that of the psA crystal structure (PDB ID: 6JQB) 60 using the command “align” 292 

in PyMOL. 293 

We further investigated the change of conformational flexibility in CBM. Compared to 294 

psA, psA121’s CBM exhibits significantly enhanced flexibility in the binding loop (T445–295 

S450, colored in pink, Figures 4A and 4B), and in residues N500 and E501 (colored in green, 296 

Figure 4B), both showing a one-fold increase in RMSF (Tables 1 and S6). We further 297 

compared H-bonding patterns in the CBM of psA and psA121, focusing on the CD-CBM 298 

interface, the binding loop, and residues N500 and E501. In psA, R470, located within the 299 

interface loop (N456–R470, colored in purple, Figure 4C), forms an H-bond with E501, whose 300 

adjacent residue N500 restricts the motion of the binding loop via two H-bonds (i.e., E501-301 

G448 and N500-D449). In psA121, the separation of CD and CBM domains (Figure S3) 302 
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destructs the H-bonding networks observed within the CBM (Figure 4D), increasing the 303 

mobility of the binding loop. 304 

 305 

Figure 4. Effects of linker on the flexibility of CBM. (A) RMSF of residues within the CBM 306 

of psA and psA121. Loop T445–S450 (binding loop, colored in pink) in psA121 involves a 307 

significant increase in flexibility compared to psA. (B) Structure of psA highlighting the 308 

interface loop (N456–R470, colored in purple), binding loop (T445–S450, colored in pink), 309 

and residues N500 and E501 (shown as green sticks). The ligand is localized by aligning the 310 

CBM (V434–F530) of the psA structure with that of the crystal structure of Bacillus circulans 311 

cyclodextrin glycosyltransferase (PDB ID: 1CDG) 64 using the command “align” in PyMOL. 312 

(C) Conformation of a typical snapshot of psA, highlighting the interface loop (N456–R470, 313 

colored in purple) and binding loop (T445–S450, colored in pink). Residue R470 in the 314 

interface loop forms H-bonds with residue E501. Residues E501 and N500 interact with the 315 

https://doi.org/10.26434/chemrxiv-2024-rstbz ORCID: https://orcid.org/0000-0002-2345-3649 Content not peer-reviewed by ChemRxiv. License: CC BY-NC-ND 4.0

https://doi.org/10.26434/chemrxiv-2024-rstbz
https://orcid.org/0000-0002-2345-3649
https://creativecommons.org/licenses/by-nc-nd/4.0/


binding loop via two H-bonds (i.e., E501-G448 and N500-D449). (D) Conformation of a 316 

typical snapshot of psA121, highlighting the interface loop (N457–R471, colored in purple) 317 

and binding loop (T446–S451, colored in pink). 318 

Besides psA121, the enhancement of functional loop flexibility is also observed in the 319 

cold-adapted amylase variant, psA475, which involves a 1.9-fold and 1.1-fold increase in 320 

RMSF for the active-site loop and binding loop, respectively, compared to psA (Table 1). In 321 

contrast, the non-cold-adapted variant, psA-sp, shows similar magnitude of flexibility in the 322 

active-site loop (RMSF = 0.9 Å) and binding loop (RMSF = 1.1 Å) to that of psA. Based on 323 

the four variants (psA, psA121, psA475, and psA-sp), which share identical CD and CBM but 324 

differ in linker sequences, we note a convergent trend that the cold-adapted linkers (psA121 325 

and psA475) enhance the flexibility of functional loops in CD and CBM while promoting 326 

domain separation (Table 1). 327 

Table 1. DSI, relative activity at 0°C, and root mean square of RMSF values for the residues 328 

composing the active-site loop and binding loop for psA, psA121, psA475 and psA-sp. 329 

psA 
variants DSI (Å)1 

Relative activity 
at 0°C (%)2 

RMSF (Å)3 
Active-site loop 

(F289–R316) 
Binding loop 
(T445–S450) 

psA 2.1±2.2 2.4±0.5 1.0 1.0 
psA121 16.6±5.9 30.5±0.8 3.1 2.1 
psA475 15.7±9.1 20.1±0.7 2.9 2.2 
psA-sp 1.0±4.1 0.9±0.0 0.9 1.1 

1 DSI values are obtained from MD simulations at 0°C (5 × 200 ns). Data are shown as mean 330 

± standard derivation. 2 Relative activity was quantified as the percentage ratio of enzymatic 331 

activity observed at 0°C to that at the optimal temperature for the variants (45°C). Data are 332 

shown as mean ± standard derivation (three replica). 3 Root mean square of RMSF values for 333 
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the residues composing the active-site loop and binding loop. Data are obtained from MD 334 

simulations at 0°C (5 × 200 ns). The residue index for the binding loop is based on the wild-335 

type psA. The corresponding indices for the binding loop in psA121, psA475, and psA-sp are 336 

T446–S451, T440–S445, and T448–S453, respectively. 337 

It was generally believed that an optimal enzyme should be “flexible but not too flexible” 338 

and “rigid but not too rigid” 65-66. Why does an increased active-site and binding loop flexibility 339 

benefit catalysis under cold conditions despite its potential entropy cost? As an intuitive 340 

explanation, we would note that the substrates of amylases are oligo- and polysaccharides, 341 

which are long and bulky, presenting a non-trivial barrier to the substrate recruiting and binding 342 

at lower temperatures. The open conformation of the active-site loop facilitates the binding of 343 

bulky substrates, while the closed conformation enhances catalysis by shielding solvents and 344 

increasing the amylases’ enthalpic interactions with the substrate. Maintaining the flexibility 345 

of the active-site loop is crucial for the enzyme to quickly position a single polysaccharide 346 

chain into its active-site for hydrolytic cleavage, thereby sustaining a high turnover rate at lower 347 

temperatures (Figure 5). CBM, on the other hand, leverages its flexible binding loop to rapidly 348 

separate starch chains, slide along a single polysaccharide chain for CD to bind, and facilitate 349 

product release 67. This synergistic effect of increased flexibility in both the CD active-site loop 350 

and the CBM binding loop contributes to the cold adaptation of amylases (Figure 5).   351 
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 352 

Figure 5. Illustration showing how a greater magnitude of domain separation between CD and 353 

CBM enhances cold adaptation in a bidomain enzyme by influencing the conformational 354 

flexibility and dynamic allostery of the individual domains. 355 

The increase in flexibility of both the active-site loop in CD and the binding loop in CBM 356 

can be achieved by adopting a linker that enhances domain separation. Compared to 357 

engineering the individual domains separately, engineering linkers—a single non-catalytic 358 

component—is easier for structure design and plasmid construction. The subsequent question 359 

is, which linker types serve as effective spacers to enhance domain separation? Based on the 360 

MD trajectory data of 120 psA variants with different linkers (Table S2), we investigated the 361 

linker characteristics that mediate interdomain separation between the CD and CBM. In 362 

particular, we focused on linker length and the presence of helices, two factors that have been 363 

widely proposed to correlate with the magnitude of interdomain separation 27, 68. We 364 

categorized the linkers into short and long groups (60 variants each) with the short group having 365 

an average sequence length of 6.7±1.6 and the long group 15.3±4.6 (Table S7). We observed 366 

similar DSI distributions in both groups (Figure 6A): the median DSI is 5.5±1.0 Å for the 367 
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short-linker group and 6.8±1.1 Å for the long-linker group, with mean DSIs of 7.4±1.0 Å and 368 

8.2±1.1 Å, respectively (Table S7). The similarity of DSI distribution indicates that sequence 369 

length has minimal influence on the magnitude of domain separation. On the other hand, the 370 

presence of helices significantly impacts the magnitude of interdomain separation (Figure 6B). 371 

Linkers with a helical motif (60 variants) exhibit a median DSI of 8.2±1.1 Å, which is 4.7 Å 372 

greater than those without a helical motif (3.6±0.9 Å) (Table S7). A 4.7 Å increase in DSI is 373 

estimated to enhance the relative activity by ~20% at 0°C (Figure 1C), indicating the role of 374 

helical motifs as a spacer to enlarge the distance between CD and CBM for cold adaptation. 375 

This trend is also reflected in the mean DSI values (helical linkers: 9.2±1.1 Å vs non-helical 376 

linkers: 6.4±0.9 Å, Table S7). In addition to psA121, helical linkers have been observed in 377 

other cold-adapted enzymes, such as Atlantic salmon trypsin 68, Vibrio sp. alginate lyase 69, 378 

and Pseudomonas sp. phosphoglycerate kinase 70. Although the focus of this work is on cold 379 

adaptation, the presence of helical motif helps understand psA121’s enhanced thermal 380 

adaptation at 75°C. While higher temperatures benefit the reaction kinetics by making reactive 381 

conformations more thermally accessible, they also cause misorientation between CD and 382 

CBM and partial unfolding of each domain, leading to diminished enzyme activity. The helical 383 

linker in psA121 maintains the relative orientation between CD and CBM, serving as a shaft 384 

to support the structural integrity of the bidomain enzyme.  385 
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 386 

Figure 6. Effects of linker length and the presence of helical motifs on interdomain separation. 387 

(A) DSI for psA variants with short and long linkers. Linkers longer than 9 amino acids are 388 

categorized as "long" and the rest as “short”. (B) DSI for psA variants with and without helical 389 

motifs. Linkers with a secondary structure featuring a 3-10 helix, α-helix, or π-helix are 390 

categorized as “helical”, and the rest as “non-helical”. 391 

Conclusion 392 

In conclusion, this study presents an integrated computational-experimental approach for 393 

engineering cold-adapted bidomain enzymes. We identified the domain separation index (DSI), 394 

derived from MD modeling, as a predictive descriptor of cold adaptation in amylases. Using 395 

DSI-guided high-throughput computational screening, we successfully generated two psA 396 

variants with enhanced cold adaptation. Notably, psA121 exhibited a 12-fold increase in 397 

relative activity at 0°C, from 2.4% to 30.5% (specific activity from 14 U/mg to 219 U/mg). 398 
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Molecular dynamics analyses show that the cold-adaptation-inducing linkers, besides 399 

promoting greater domain separation between CD and CBM to prevent mutual interference, 400 

enhance the flexibility of the active-site loop in CD and the binding loop in CBM to favor 401 

substrate recruiting, binding, positioning, and catalysis at low temperatures. Eventually, 402 

statistical analyses of DSI for 120 psA variants highlight the importance of helical motifs in 403 

linkers for enhancing interdomain separation. Our work established a strategy for engineering 404 

cold-adapted bidomain enzymes, paving new ways for creating cold-adapted enzymes for 405 

sustainable industrial biocatalysis.  406 

Methods 407 

Protein Structure Preparation 408 

This study involves two wild-type enzymes: Saccharophagus degradans amylase (sdA), 409 

and Pseudomonas saccharophila amylase (psA). Three psA variants were engineered through 410 

domain swapping: psA-sp (psA’s linker replaced by sdA’s), psA-ps (psA’s CBM replaced by 411 

sdA’s), and psA-ss (psA’s linker and CBM replaced by sdA’s). We predicted the structures of 412 

the wild-type and variant enzymes using AlphaFold2 39 via the ColabFold server (version 1.5.3) 413 

71. The sequences and parameters used for the prediction are listed in Tables S8 and S9, 414 

respectively. 415 

The predicted structures were prepared for MD simulations with the AMBER19 tleap 416 

tool72. The AMBER ff14SB force field73 was applied. All missing heavy atoms were added 417 

using tleap. The coordinate of hydrogens and protonation states of titratable residues in the 418 

proteins was determined by the get_protonation() function using EnzyHTP software30-31, 419 
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which uses PDB2PQR74 and PROPKA375. The disulfide bonds were identified by PDB2PQR 420 

and constructed using the bond command of tleap, which was also automated by EnzyHTP 421 

(Text S2). 422 

Molecular Dynamics Simulations 423 

We performed MD simulations for sdA, psA and psA variants using the AMBER19 424 

software package 72. The SHAKE algorithm 76 was used to constrain all hydrogen-containing 425 

bonds. The enzyme was then solvated in a periodic truncated octahedron box with a 10 Å buffer 426 

of TIP3P water and was neutralized with Na+ counterions. 427 

For each enzyme, we optimized the solvated system using the steepest descent method for 428 

10,000 steps followed by the conjugate gradient method for another 10,000 steps. After 429 

minimization, we heated the water box from 0 K to the designated temperature (273.15 K) 430 

within 36 ps with constant volume, equilibrated it for 4 ps under an NVT condition, and further 431 

equilibrated for additional 1 ns. The Langevin thermostat was used to control the temperature 432 

77. In addition, we restrained the backbone Cα, C, and N of the amide group with a weight of 2 433 

kcal·mol-1·Å-2 from minimization to equilibration. After equilibration, we conducted 434 

production runs at constant volume and temperature for 210 ns and output the trajectories every 435 

100 ps. The snapshots from the last 200 ns of the production run were used for analyses, 436 

resulting in a total of 2,000 snapshots for each production run. All simulations were performed 437 

with a time step of 2 fs. Five parallel simulations (5 × 200 ns) were conducted each for sdA, 438 

psA, and psA variants (i.e., psA-sp, psA-ps, psA-ss and psA121). 439 

Molecular Dynamics Trajectory Analysis 440 
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Five parameters, including RMSD, domain distance, Rg, DSI, and RMSF were computed 441 

based on the MD trajectory data using the cpptraj tool in AMBER 28. The mean values for each 442 

parameter of sdA, psA and psA variants (psA-sp, psA-ps, psA-ss, and psA121) were calculated 443 

based on 5 replicas of MD run (5 × 2,000 snapshots). Domain annotation of sdA and psA, 444 

detailing which sequence regions correspond to the CD, linker, and CBM domains, was based 445 

on previous studies 8, 60 with sequences provided in Table S7. The mass-weighted RMSD was 446 

calculated by including backbone heavy atoms (i.e., Cα and C, O, and N in the amide group) 447 

with reference to the input structure of the MD simulation. The Rg was calculated for the N-448 

terminal domain (RgN), the C-terminal domain (RgC), and the entire structure (Rg), considering 449 

all heavy atoms. The domain distance was calculated as the distances between the geometric 450 

centers of CD and CBM, considering all heavy atoms. DSI was calculated as the domain 451 

distance minus the sum of the radius of gyrations for each domain of the enzyme [DSI = domain 452 

distance – (RgN + RgC)]. Mass-weighted RMSF for psA, psA121, psA475, and psA-sp was 453 

calculated using all heavy atoms, based on trajectories where each snapshot was aligned to the 454 

average structure of the CD and the CBM. 455 

High-throughput Linker Screening 456 

We generated 3,528 psA variants (psA1–psA3528) by replacing psA's native linker with 457 

sequences obtained from the LinkDB 37 and SynLinker databases 38. The linker sequences are 458 

shown in Supplementary Spreadsheet S1. We predicted the structures of these psA variants 459 

using AlphaFold2 39, and determined the secondary structure within the linker region using 460 

cpptraj 28 with the Defining Secondary Structure of Proteins (DSSP) 40 method 461 
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(Supplementary Spreadsheet S1). We classified psA variants based on their linker topology, 462 

emphasizing linker length and the presence of helical motifs. With an average linker length of 463 

9.2 amino acids over 3528 linkers, we classified linkers longer than 9 amino acids as "long" 464 

and the rest as “short”. Linkers with a secondary structure featuring a 3-10 helix, α-helix, or π-465 

helix were categorized as “helical”, and the rest as “non-helical”. Using these two criteria, we 466 

grouped the psA variants into four categories: 1) short and helical, 2) short and non-helical, 3) 467 

long and helical, and 4) long and non-helical. We randomly selected 30 variants from each 468 

group, totaling 120 variants (Table S2), and conducted a single replica MD run for each at 469 

273.15 K. The variants with an average DSI exceeding 8.5 Å and a DSI standard deviation 470 

above 2.6 Å were selected for a second MD run (10 in total provide the number of variants 471 

filtered in from the first round). Under the same DSI criteria, two variants (psA121 and 472 

psA475) were identified. These two variants were expressed and purified for enzyme activity 473 

assays at different temperatures.  474 

Bacterial Strains, Plasmids and Cloning 475 

Genes encoding sdA, psA and psA variants (psA-sp, psA-ps, psA-ss, psA121, and psA475) 476 

were synthesized by Integrated DNA Technologies (Morrisville, NC). We amplified the 477 

synthesized genes through polymerase chain reaction using Q5 High-Fidelity Master Mix 478 

(New England Biolabs). We assembled the amplified genes and pET-22b vector using Gibson 479 

Assembly Master Mix (New England Biolabs). We transformed the recombinant plasmids into 480 

Escherichia coli JM109 and E. coli BL21 for DNA manipulations and protein expression, 481 

respectively. 482 
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Protein Expression and Purification 483 

A single colony from the transformed cells was inoculated into Luria-Bertani medium (5 484 

mL) supplemented with ampicillin (50 µg mL−1) and grown at 37°C overnight with agitation 485 

at 220 rpm. The overnight culture (2 mL) was then inoculated into Terrific-Broth medium (200 486 

mL) supplemented with ampicillin (50 µg mL−1). The culture was incubated at 30°C with 487 

agitation at 160 rpm for 72 hours. After incubation, the cells were removed by centrifugation 488 

at 10,000 × g for 30 minutes at 4°C, and the supernatant, which contained crude enzymes, was 489 

collected for purification. 490 

To purify the enzymes, the concentrated supernatant (20 mL) was mixed with 5 mL of Ni-491 

NTA resin (Invitrogen) in buffer A (10 mM Tris-HCl, and 300 mM NaCl, pH 7.5). The mixture 492 

was incubated under rotation overnight at 4°C. The resin was then washed with buffer B (10 493 

mM Tris-HCl, 300 mM NaCl, and 20 mM imidazole, pH 7.5) to eliminate non-target proteins. 494 

The target proteins were eluted with buffer C (10 mM Tris-HCl, 300 mM NaCl, and 250 mM 495 

imidazole, pH 7.5). The purified proteins were dialyzed in buffer D (10 mM Tris-HCl, pH 7.0) 496 

at 4°C for 24 hours and analyzed by sodium dodecyl sulfate-polyacrylamide gel electrophoresis. 497 

Thermal Adaptation Characterization 498 

The hydrolytic activities of amylases were measured by determining the reducing sugars 499 

released from the hydrolysis of starch using the 3,5-dinitrosalicylic acid (DNS) method 78. The 500 

reaction mixture containing 0.2 mL of the enzyme and 1.8 mL of 1% (w/v) soluble starch 501 

(Fisher Scientific) in Buffer D was incubated at temperatures ranging from 0°C to 75°C. After 502 

15 minutes, the reaction was quenched by adding 2 mL of DNS reagent and boiled for 5 min. 503 
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The absorbance was measured at 540 nm. One unit of hydrolytic activity was defined as the 504 

quantity of enzyme that released reducing sugar equivalent to one µmol of glucose per minute 505 

under the assay conditions. Relative activity was quantified as the percentage ratio of enzymatic 506 

activity observed at the specified assay temperature to that at the optimal temperature for the 507 

enzyme. Three biologically independent replicates were used to calculate mean and standard 508 

derivation. 509 
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