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ABSTRACT: Dynamic Constitutional Frameworks DCFs composed of cross-linked networks of imine-exchanging components 

have been generated and applied to the establishment of optimal microenvironments for carbonic anhydrase (CA) in aqueous solution. 

In response to the dynamic recomposition process, the enzyme showed distinct differential preferences for interchanging and incor-

poration of the amine functionalities, which were furthermore in good correlation with their inverse activation effects of CA. The 

results demonstrated surface-directed selection of the enzyme environment, where amines with lower enzyme-directed incorporation 

ratio possess higher activation effects, leading to a new strategy of self-optimization of the enzyme microenvironment for better 

catalytic performances. 

Constitutional dynamic chemistry (CDC) is a powerful tool for 
component screening in complex systems and networks.1 The 
systems are constructed using supramolecular interactions and 
reversible covalent bonds, generating dynamically interconvert-
ing architectures with adaptive behavior.2-3 In the presence of 
external stimuli, such as target biomolecules, optimal constitu-
ents can be selected and amplified, leading to various applica-
tions in organic synthesis,4-5 catalyst screening,6-7 drug discov-
ery,8-9 materials design,10-11 etc. 

Enzymes constitute one of the most frequently used stimuli 
and have been demonstrated to play important roles in selection 
processes of constitutional dynamic systems.12-13 For example, 
lipases have been extensively employed as catalysts to perform 
secondary transformations, irreversibly converting optimal dy-
namic covalent substrates to the corresponding non-exchanging 
products, resulting in dynamic covalent resolution with good 
yields and high chemo-, regio- and enantio-selectivities.14-16 
However, in most of these cases, the selection effect occurs in 
response to binding and processing inside the enzyme active 
sites, whereas selection based on weak interactions at the en-
zyme surfaces has not been widely explored. 

The microenvironment surrounding the enzyme is known to be 
critical to the enzyme activity and selectivity.17 In our previous 
studies, dynamic constitutional frameworks-DCFs with multiple 
amide groups have been demonstrated to interact with enzymes, 
such as carbonic anhydrase (CA, EC 4.2.1.1) and lipases (EC 
3.1.1.3), through H-bonding.18-20 By forming protecting layers of 
DCFs around the target proteins, both the structural stability and 
activity of the enzymes could be clearly improved. However, the 
identification of the fittest DCF environment that may trigger the 
best catalytic performance for a specific enzyme remains an im-
portant challenge. One-by-one tests are not only time-consum-
ing but also limited in detection accuracy and structural variety 
when compared to the in situ screening from the complex bio-
catalytic environment. This has been addressed in the present 
study, where we present a new concept of systemic, target-me-
diated self-optimization. Using a model system, the enzyme-

driven selection of an optimal environment in a constitutional dy-
namic screening process of reversible imine structures was 
achieved. Carbonic anhydrase could thus act as its own micro-
environmental optimizer, in consequence to surface interactions 
between the enzyme and the dynamically formed DCFs (Figure 
1). 

 

Figure 1. a) General concept of enzyme-driven microenvironment 

optimization of dynamic constitutional framework imine system; 

b) construction of dynamic systems. 

In order to build the dynamic constitutional framework systems, 
an imine dynamer (1·2) was first synthesized from two compo-
nents: 1,3,5-benzenetricarboxaldehyde (1) and bis(3-aminopro-

pyl)-terminated poly(ethylene glycol) (2, Mn ~ 1500 gmol-1), in a 
molar ratio of 1:1 (Figure 1a). Trialdehyde 1 served here as the 
core structure linking the dynamic framework connectors, while 
leaving space for additional imine bonds between free aldehyde 
groups and additional amines. Connector 2 was chosen for its 
good water solubility, and for providing a flexible backbone pre-
venting the imine functionalities from undergoing hydrolysis.18 



 

The resulting dynamer 1·2 was subsequently subjected to further 
functionalization with additional amines 3-6 (Figure 1b).  

When it comes to small molecule-CA interactions, both en-
zyme inhibition and activation can be considered. However, the 
inhibitors usually act in a confined space within the enzyme ac-
tive site,21-23 while the activators operate at the entrance of the 
active site to facilitate the proton relay.24-25 In the current study, 
the large polymeric structures cannot easily enter the active sites 
as inhibitors. In addition, the dynamic systemic approach to iden-
tify optimized enzyme microenvironments can lead to higher cat-
alytic performances of CA. Thus, different amines were chosen 
for the screening system as potential CA activators, and the cor-
responding DCFs exhibited CA activation effects. 

Initially, three amines, including 2-amino-1,3-propanediol (3), 
1,2-bis(2-aminoethoxy)ethane (4) and diethylenetriamine (5) 
were added together with dynamer 1·2 at a concentration of 
10 mM in D3PO4-NaOD buffer (100 mM) to generate dynamic 
system I. Considering that the imine formation process is pH-de-
pendent, and that imines generally show higher stability under 
mildly basic conditions,26-27 the pH was set at a higher value. Bo-
vine carbonic anhydrase is active within a wide pH range, from 
4.5-9.5,28 and pD 9.0 was therefore adopted for the screening 
process. 1H NMR was used to monitor the constitutional changes 
with time in the presence or in the absence of CA for evaluation 
of the impacts of the enzyme on the constitutional distribution 
within the dynamic systems. 

From the NMR spectra (Figure 2a-b), the CHnNH2 (n=1 or 2) 
resonances of compounds 2, 3, 4 and 5 could be clearly distin-
guished from each other, and used as characteristic peaks for 
quantification purposes. After two days at 40 °C, as witnessed 
from the NMR spectra, compound 5 was fully consumed, while 
the excess amines 3 and 4, together with compound 2, reached 
new equilibria. This indicates the progression of the imine ex-
change reaction, where distinct levels of compounds 3, 4 and 5 
were incorporated into the dynamer main chain, whereas com-
pound 2 dissociated from the original dynamer 1·2. 

Initially, some peak overlapping was observed in the NMR 
spectra when comparing systems generated in the presence or 
absence of CA, likely due to H-bonding between the DCFs and 
CA. For this reason, a small amount of NaOD (final concentration 
of 8 nM) was added to both systems, instantly resulting in visible 
peak separations. Thus, compounds 2, 3 and 4 could be clearly 
discerned, whereas no resonance of amine 5 was visible in ei-
ther case. Using the signal of free compound 2 to represent the 
total formation of newly formed imine bonds, CA thus directed 
the incorporation of more amine 4 (39% compared to 30%) and 
less amine 3 (21% compared to 29%) upon re-equilibration. 
Meanwhile, the total conversions of the imine exchange reac-
tions remained similar in both cases, calculated as 39% and 41% 
respectively. These results indicate that CA causes a significant 
change in the DCF structure, directing the demotion and promo-
tion of optimal amines into the DCFs. 

In order to amplify the effects of the enzyme selection prefer-
ences toward a given microenvironment, a few parameters were 
adjusted. Firstly, the molar ratio of each component 1-5 was 
changed from 1:1:1:0.5:0.5 to 1:0.75:1.5:0.75:0.75. As a result, 
the same trend was observed: the addition of CA provided more 
of free amine 4 (52% compared to 47%) and less amine 3 (20% 
compared to 24%), but the distribution differences were smaller. 
Moreover, the pD value of the buffer was also increased from 9.0 
to 11.0 to maintain a clear solution throughout the whole screen-
ing process. At this higher pD, a higher consumption of free 
amine 4 (9% more) was observed in the absence of CA, leading 
to a larger distribution difference for the systems with or without 
CA. 

The results for dynamic system I with respect to compound 5 
indicated its total incorporation in the DCFs under either condi-
tion, and the preference of CA for this amine could not be evalu-
ated. As a consequence, amine 5 was replaced by (S)-1-amino-

2-propanol (6) to generate dynamic system II (Figure 1, red). In 
this case, the addition of CA showed the same preferences (Fig-
ure 2c-d): more of free amine 4 (19% compared to 15%) and 
less amine 3 (12% compared to 14%). Meanwhile, the percent-
age of amine 2 and the total conversion of the imine exchange 
reaction were almost the same. 

 

Figure 2. 1H NMR spectra showing constitutional distribution 

changes in dynamic systems I and II in the presence or absence of 

CA. 

To clearly demonstrate the constitutional distribution changes 
in dynamic system II, the conversion to imine DCF from each 
single amine 3, 4 and 6 was calculated together with the differ-
ences obtained. As can be seen in Figure 3, in the presence of 
CA, the incorporation of amine 4 into the DCF was obviously in-
hibited (1·2·4), while the formation of DCFs 1·2·3 and 1·2·6 were 
promoted to some extent. Compared to DCF 1·2·3, DCFs 1·2·4 
and 1·2·6 showed lower conversion. Therefore, the influences of 
CA on the formation of different DCFs can be concluded as: 
1·2·3 > 1·2·6 > 1·2·4. 

To connect the observed component preferences with the en-
zyme activation effects, DCFs 1·2·3, 1·2·4 and 1·2·6 were syn-
thesized individually. The activity of CA upon addition of each 
DCF was subsequently measured by colorimetric monitoring of 
the hydrolysis of p-nitrophenyl acetate (p-NPA). As seen in Fig-
ure 4, all DCFs increased the activity of the enzyme compared 
to when no additives were added. Interestingly, DCF 1·2·4 - 
whose formation was inhibited by CA in dynamic system II - pos-
sessed the strongest activation effect, increasing the enzyme ac-
tivity to more than threefold its original value. On the other hand, 
DCF 1·2·6 also displayed a relatively good activation effect, leav-
ing DCF 1·2·3 - the most favored DCF - the weakest activator of 
CA. This is likely a consequence of competition between the 
transimination reaction and the affinity of small amine com-
pounds to CA. Since the CA protein structure holds the potential 
to form, e.g., H-bonds with the amines 3, 4 and 6, their reactivity 
towards transimination would be lowered. Thus, the higher the 
protein affinity of the amine, the lower the resulting availability to 
be incorporated into the DCFs. The dynamic frameworks may 
furthermore play the role of multivalent proton sponges that fa-
cilitate the shuttling of protons from the zinc-bound water mole-
cules and the external medium, thereby accelerating the catalytic 
process.29 

 



 

Figure 3. a) Constitutional distribution in dynamic system II (the 

conversions were calculated relative to exchanged/formed imino 

groups of starting dynamer 1·2 to each indicated product); b) the 

calculated distribution differences (% conversion with CA - % conversion with-

out CA). 

 

Figure 4. Activation effects of dynamers on catalytic activity of 

CA. 

The amine monomers 3, 4 and 6 were also tested for their 
influences on the CA activity (cf. Figure S9a). Although slightly 
higher catalytic activities were detected upon addition of the 
three amines, they effects were considerably lower than with the 
DCFs. These results indicate the importance of the DCF for-
mation, which not only enabled potential multivalent effects, but 
also increased affinities to the enzyme, and enhanced activation 
effects. Moreover, the same activation trend (4 > 6 > 3) was ob-
served for both the monomers and DCFs, demonstrating the 
contribution of amine 4 to a better microenvironment of CA, 
which is also consistent with the NMR results from the systemic 
screening process. 

The changes of enzyme reaction kinetics upon the addition of 
the DCFs were next examined. The catalytic turnover number 
(kcat) of the original enzyme reaction was determined as 
0.64 μM/min, and the value was dramatically increased upon the 
addition of different DCFs. For example, in the presence of 2 mM 
of each DCF, the estimated kcat values were 1.0 μM/min, 
4.5 μM/min and 1.6 μM/min for DCF 1·2·3, 1·2·4 and 1·2·6, re-
spectively. These results are consistent with the activation ef-
fects mentioned above.  

To further explain the correlation between the enzyme selec-
tion preferences and the activation effects of the different DCFs, 
the CA-DCF interactions were monitored by fluorescence spec-
troscopy. Quenching of the CA emission band at 343 nm (Ex: 
280 nm) was used to follow the binding events, from which re-
sults the apparent association constants (Ka) could be estimated. 
Thus, increasing amounts of DCFs 1·2·3, 1·2·4 and 1·2·6 were 
introduced into CA solutions and the residual fluorescence rec-
orded (cf. Figure S10). Based on the Stern–Volmer equation, 
the apparent Ka-values were estimated to range from 900-1200 
M-1 for all the DCFs 1·2·3, 1·2·4 and 1·2·6. The similar affinities 
resulting from the different DCFs may partially be due to the bind-
ing of the poly(ethylene glycol) backbone to the enzyme.18 By 
comparison, the free amines 3, 4 and 6 did not display enough 
binding strength towards CA, and the estimated apparent Ka-val-
ues were lower than 300 M-1 in each case. 

The effects of the DCF on the enzyme were further studied by 
circular dichroism (CD) spectroscopy and titration experiments 
were carried out by adding increasing amount of each DCF to 
CA in buffer solutions. In the obtained CD-spectra (cf. Figure 
S11a), the intensities of the peak at around 210 nm decreased 
to some extent upon the first addition of each of the three DCFs, 
indicating slight changes in the enzyme's β-sheet structure due 
to the interactions between the DCFs and CA. Compared to DCF 
1·2·6, continuously increasing the concentration of DCF 1·2·4 
however resulted in recovery of the peak intensity, showing a 
more favorably matched protein-DCF interaction. In contrast, 
when the concentration of DCF 1·2·3 increased to 0.75 mM, the 

CD trace started to lose its shape in the range of 220-235 nm, 
probably coming from the slightly disordered CA structure. This 
distinct behavior of the three DCFs reflects the preference of CA 
for a specific surface microenvironment. In combination with the 
NMR- and UV-spectroscopy results, this demonstrates a clear 
correlation between the DCF composition and the protein inter-
action.  

To further demonstrate the application potential of the 
screened DCFs, they were subsequently integrated into materi-
als to immobilize the enzymes. For example, by mixing the mod-
ified DCF 1·2·4 solution (composition ratio 1:2:4 adjusted to 
1:0.5:0.5) with water-soluble O-carboxymethyl chitosan in the 
presence of CA, hydrogels were formed. These CA-containing 
hydrogels showed similar or slightly higher (around 10%) activity 
than the free enzyme (Figure S13a). Furthermore, freeze-drying 
yielded highly cross-linked, sponge-like xerogels that could be 
repetitively used. However, further optimization of these initial 
gelation conditions are needed to better immobilize the enzymes 
and prevent leaching (Figure S13b). 

In conclusion, we have established a dynamic optimization 
system based on the enzyme-directed identification of the most 
favorable microenvironment with respect to enzyme activity. 
Constitutional dynamic systems were generated from imine-
linked polymers (1·2) and different amines (3-6), to which car-
bonic anhydrase was added. The interactions between the DCFs 
and protein surface led to different component distributions in the 
systems compared to when CA was absent. Evaluation of the 
enzyme activation effects resulted in a correlation between the 
perturbation of the dynamic system and the activity. An optimal 
DCF composition proved important, in this case suggesting that 
amines with lower enzyme-directed incorporation ratio possess 
higher enzyme activation effects, where DCF 1·2·4 turned out to 
be the best activator. The enzyme kinetic studies were in good 
correlation with the activation effects of the DCFs, providing in-
sights into the CA-substrate interactions upon addition of the 
DCFs. 

Furthermore, fluorescence spectroscopy was used to confirm 
and quantitate the CA-DCF interactions, while CD spectroscopy 
was adopted to study the enzyme structural changes upon addi-
tion of the DCFs. The obtained results showed smaller differ-
ences among DCFs 1·2·3, 1·2·4 and 1·2·6 compared to their 
performances in dynamic screening process, indicating the am-
plification effect from the constitutional dynamic systems, which 
were carried out in a one-pot competitive mode. This dynamic 
structural exchange, leading to adaptive enzyme encapsula-
tion/binding (“DCFic effect”) and potentially coupled to a “proton 
sponge’” effect, was directly affecting the enzyme activation.18-20 
Moreover, the selected DCFs could be applied in enzyme immo-
bilization protocols by integration into hydrogels. Thus, the model 
system established here demonstrates the first case of protein 
surface-directed dynamic screening for optimization of the cata-
lytic microenvironment.  

The combined features of new systemic strategy - enhanced 
enzyme catalytic performances - potential addressability, make 
processes and species such as those presented here of interest 
for the development of clinical application for the treatment of a 
multitude diseases or environmental application for efficient car-
bon capture systems 
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