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Abstract: 32 

Metabolic engineering and synthetic biology usually require universal expression systems 33 

for stable and efficient gene expression in various organisms. In this study, a host-independent 34 

and stable T7 expression system had been developed by integrating T7 RNA polymerase and its 35 

cognate transcriptional units in single plasmid. The expression of T7 RNA polymerase was 36 

restricted below its lethal threshold using a T7 RNA polymerase antisense gene cassette, which 37 

allowed long-periods cultivation and protein production. In addition, by designing ribosome 38 

binding sites, we further tuned the expression capacity of this novel T7 system within a wide 39 

range. This host-independent expression system efficiently expressed genes in five different 40 

gram-negative strains and one gram-positive strain and was also shown to be applicable in a real 41 

industrial D-p-hydroxyphenylglycine production system. 42 

 43 

Keywords: Host-independent expression system; Stable expression; Single plasmid; T7 RNA 44 

polymerase; antisense RNA 45 

 46 

Engineering complex genetic circuits and metabolic pathways in synthetic biology and 47 

metabolic engineering has become easier and more efficient with the rapid development of 48 

biotechnologies.
1–4

 The typical procedure used in synthetic biology and metabolic engineering is 49 

to reconstruct metabolic networks in a host by regulating protein expression (or protein activity) 50 

or to design a metabolic pathway, resulting in the desired functions or products.
5
 Most 51 

applications of reconstructed networks are mainly restricted to several model organisms such as 52 

Escherichia coli and Saccharomyces cerevisiae.
6–8

 This restriction is due to the limited 53 

availability of genetic elements and accessibility of genomic and metabolic data in non-canonical 54 

organisms, i.e., their complicated genetic backgrounds.
9,10

 However, non-canonical organisms 55 

usually have advantages over model organisms; for instance, they naturally produce and tolerate 56 

high concentrations of desired products and live in environments with higher or lower pH and 57 

temperature values, which are valuable traits for industrial biotechnology.
11,12

 Thus, developing 58 

some universal genetic elements and circuits, i.e., host-independent systems, for both model and 59 

non-canonical organisms is essential and will broaden the choice of hosts applied in synthetic 60 

biology and metabolic engineering.
13

 61 

T7 RNAP, originating from bacteriophage T7, has been long studied and widely applied in 62 
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engineering genetic circuits and metabolic pathways in roles such as controllers,
14

 logic gates,
15

 63 

resource allocators,
16

 and orthogonal systems.
17

 (Fig. S1) Due to its orthogonality, transcriptional 64 

efficiency and promoter specificity, T7 RNAP is an excellent candidate for the construction of an 65 

ideal host-independent expression system.
18

 T7 RNAP functions in a variety of hosts, including 66 

prokaryotic, eukaryotic and even cell-free systems.
19–21

 The most common way to utilize the T7 67 

expression system relies on a classical approach where it is used by combining DE3 lysogenic 68 

hosts (integrating the T7 RNAP gene into the host genome) and cognate plasmids containing T7 69 

promoter-induced transcription units.
19,22

 Although the lethal effect of T7 RNAP is attenuated by 70 

the reduced amount of T7 RNAP produced from a single copy of the T7 RNAP gene in the 71 

genome, the dependence on the preconstruction of DE3 lysogenic hosts limits its universal 72 

application in non-canonical hosts.
22

 Since the discovery of the T7 system, numerous efforts 73 

have been made to construct host-independent T7 expression systems for extending its 74 

application to various hosts. However, the majority of these efforts failed due to excessive 75 

expression of T7 RNAP, which killed the host cells or caused mutations in the T7 RNAP gene 76 

under the biological stress.
23

 A few reported successful attempts include the establishment of a 77 

two-vector system (low-copy-number and high-copy-number plasmids)
13,24

 and the mutation or 78 

splitting of T7 RNAP
16,17

 to reduce lethal effects and biological stress. Owing to the difficulties 79 

in finding two biocompatible plasmids for non-canonical hosts or sacrificing the high 80 

transcriptional activity of T7 RNAP, these attempts do not extend the application of the T7 81 

system well. Recently, the work of Manish
13

 and Zhao
25

 paved a new way for developing T7 82 

expression systems in an extensive range of hosts; although feedback-circuit regulation and gene 83 

mining were achieved with T7 systems, the two-vector system and host-dependent system are 84 

still used in these studies. These limitations underline the significance to facilitate the 85 

development of novel host-independent T7 expression systems through the integration of 86 

full-length original T7 RNA polymerase and its cognate transcriptional units into a single 87 

plasmid to meet the long-standing request of applying T7 systems as a universal genetic element 88 

in various organisms. 89 

Here, we report the implementation of a stable and host-independent expression system 90 

containing a T7 RNAP expression cassette and its cognate transcriptional units in single plasmid. 91 

The critical idea of our design is to strictly regulate the amount of T7 RNAP produced by a 92 

single plasmid system to be below the lethal and biological stress levels. The host-independent 93 
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T7 expression system (HITES) efficiently overexpressed heterologous proteins in various 94 

gram-positive and gram-negative bacteria, and it was also stable in serial subculture. 95 

 96 

Results and Discussion 97 

Operating principle of HITES and instability of the first-generation HITES. Scheme 1 98 

describes the operating principle of HITES designed in this study. The T7 RNAP gene is 99 

transcribed into a large number of mRNA molecules under the control of the lac promoter (the 100 

universality of the lac promoter has been evaluated on the basis of the data in Table S1). At the 101 

same time, the antisense gene of T7 RNAP in the same plasmid is transcribed into antisense 102 

RNA (asRNA) molecules, which can reduce the expression of the T7 RNAP protein by 103 

annealing to its cognate mRNA. Consequently, the amount of T7 RNAP will be limited below 104 

the lethal threshold, which will guarantee the survival of the host. The limited amount of T7 105 

RNAP can then recognize the T7 promoter on the same plasmid and initiate the transcription of 106 

the target gene (gfp in this case) at a proper speed. This design allows this HITES to be 107 

integrated into any plasmid and work effectively in corresponding hosts. 108 

The construction of the first-generation HITES has been reported in previous work.
26

 109 

However, its efficacy was impaired because of its instability during serial subculture (Fig. 1b). 110 

The proportion of GFP-free cells increased significantly even after the first subculture, 111 

suggesting that the target gene (gfp) was not expressed properly in host cells and that the T7 112 

RNAP gene in the HITES might have been mutated; this latter possibility was confirmed by 113 

plasmid sequencing. The stability of the first-generation HITES was significantly improved 114 

when GLB medium (LB medium contain 1% glucose) was used instead of LB medium (Fig. 1c), 115 

but this strategy did not satisfy the laboratory and industrial demands of long serial cultivation. 116 

Construction of a stable inducible HITES. E. coli K-12 and E. coli B are extensively 117 

used in the laboratory and industry. Since E. coli JM109 and BL21 are derived from E. coli K-12 118 

and B strains, respectively, and both have corresponding DE3 lysogenic hosts, they were selected 119 

for testing the expression efficiency and stability of HITES. As shown in Fig. 2a and d, the 120 

amount of T7 RNAP in hosts harboring the first-generation HITES (A4A27) was much higher 121 

than that in DE3 lysogenic hosts, indicating that the elements in the first-generation HITES were 122 

not sufficient to limit the amount of T7 RNAP to non-lethal levels and that a more elaborate 123 

regulation of T7 RNAP expression was required for improving the stability of plasmids 124 

Page 4 of 32

ACS Paragon Plus Environment

ACS Synthetic Biology

1
2
3
4
5
6
7
8
9
10
11
12
13
14
15
16
17
18
19
20
21
22
23
24
25
26
27
28
29
30
31
32
33
34
35
36
37
38
39
40
41
42
43
44
45
46
47
48
49
50
51
52
53
54
55
56
57
58
59
60



harboring a HITES. In the following section, we dissect the contribution of each element, 125 

including the asRNA, promoter and terminator, to the amount of T7 RNAP and determine how 126 

changes in the T7 RNAP level influenced the expression performance and stability of the 127 

HITES. 128 

In the first-generation HITES, a 24 nt long asRNA (A4A27) was used without any 129 

supporting sequences, resulting in a low binding capacity and instability for this asRNA.
27,28

 In 130 

this study, a scaffold sequence for recruiting Hfq protein was added to improve the inhibitory 131 

effect of asRNA, yielding the newly designed synthetic asRNA, A4A27-Hfq. Hfq protein 132 

enhances the hybridization of asRNA-target mRNA, stabilizes bound asRNA, and facilitates the 133 

degradation of target mRNA by recruiting RNases.
29

 The introduction of the Hfq binding 134 

sequence greatly improved the inhibition of T7RNAP by asRNA in both JM109 (Fig. 2a) and 135 

BL21 (Fig. 2d) cells, and the relative fluorescence intensity (RFI) of the GFP slightly increased 136 

(Fig. 2b and e). In addition, the GFP fluorescence distribution in BL21 cells was wider than that 137 

in JM109 (Fig. 2c and f), this might be due to the differences in the genotype and genetic 138 

background of these two strains, leading to the differences in probabilities of plasmid mutation 139 

and recombination.
30

 However, since the amount of T7 RNAP was still relatively high, 140 

additional strategies should be taken to further reduce its level. 141 

The increased stability of the first-generation HITES when GLB medium was used 142 

indicated that glucose influenced the activity of the lac promoter via the glucose effect.
31

 The 143 

stability of the HITES could thus be improved by a promoter engineering strategy, which in this 144 

case aimed to restrict the activity of the lac promoter to a required level. An analysis of lac 145 

promoter structure revealed two binding sites in the lac promoter: the catabolite activator protein 146 

(CAP) binding site and the host RNA polymerase binding site, both of which operate 147 

coordinately to enhance the expression of lac promoter-controlled genes.
32

 Mutations or deletion 148 

of the CAP binding site could reduce the activity of the lac promoter by interfering with the 149 

interaction between RNA polymerase and the lac promoter.
33

 Therefore, the CAP site was 150 

deleted from the lac promoter that initiated T7 RNAP transcription to generate A4A27-∆CAP 151 

and A4A27-Hfq-∆CAP. As shown in Fig. 3a, the expression of T7 RNAP was significantly 152 

reduced in JM109 cells with a CAP site deletion. The final concentration of T7 RNAP in 153 

JM109/A4A27-Hfq-∆CAP cells (with both synthetic asRNA and a CAP site deletion) was 154 

approximately similar to that of JM109(DE3). With the decrease in T7 RNAP expression, the 155 
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RFI of cells (Fig. 2b) increased, and the distribution of fluorescent cells (Fig. 2c) significantly 156 

improved. Similar results were also obtained in BL21 cells (Fig. 2d, e and f). These results 157 

indicated that the synthetic asRNA and CAP site deletion effectively reduced the amount of T7 158 

RNAP below the lethal threshold. 159 

However, when compared with the RFI of DE3 lysogenic hosts, the RFI of 160 

A4A27-Hfq-∆CAP was relatively low (Fig. 2b and e). According to the results above, this 161 

difference should not be mainly due to the excessive expression of T7 RNAP. One possible 162 

explanation was that the integration of the T7 RNAP gene with its cognate T7 promoter in one 163 

plasmid in our system caused the context effects of each component to impair the stability and 164 

overall performance of the HITES.
34

 Transcriptional read-through by T7 RNAP is a common 165 

phenomenon even when the T7 terminator (the termination efficiency was approximately 70%) 166 

is used.
35–37

 This read-through by T7 RNAP could result in the up-regulation of backbone 167 

sequences in the plasmid-based expression system and could hence lead to the abnormal 168 

expression of other components on the plasmid.
37

 In order to reduce T7 RNAP read-through, we 169 

therefore replaced the T7 terminator with a synthetic T7 termination signal (Tz) containing the 170 

two transcriptional terminators rrnBT1 and T7, whose termination efficiency is nearly 99% (the 171 

final unit with the designed asRNA, CAP site deletion and terminator replacement was denoted 172 

the HITES).
37

 As shown in Fig. 2b, the RFI of JM109/HITES increased by 76% with the 173 

enhancement of termination efficiency and reached a level comparable to that of JM109(DE3). 174 

The fluorescent JM109/HITES cells were uniformly distributed with no obvious non-fluorescent 175 

cells (Fig. 2c). Similar results were observed in BL21 cells (Fig. 2d, e and f) when they had 176 

adopted the HITES. We successfully demonstrated that the performance of the HITES was 177 

significantly improved by applying the Tz terminator to overcome read-through transcription of 178 

T7 RNAP. 179 

Considering that gene overexpression can cause stress that impairs cell growth, limiting 180 

stress to a reasonable level is essential. The stress of the HITES on host growth was thus 181 

investigated. (Fig. S2) Our results showed that the growth of JM109/HITES and JM109(DE3) 182 

cells did not significantly differ (Fig. S2a). Interestingly, BL21/HITES cells grew better and had 183 

higher cell densities than the BL21(DE3) strain (Fig. S2b). On the other hand, since isopropyl 184 

β-D-1-thiogalactopyranoside (IPTG) is not suitable for large-scale industrial protein production 185 

because of its toxicity and high cost, we used lactose as an expression inducer instead of IPTG; 186 
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in this case, the HITES still effectively expressed GFP comparable to DE3 lysogenic hosts (Fig. 187 

S3). These results showed that the performance of hosts harboring the HITES were as good as 188 

conventional DE3 lysogenic hosts. More importantly, our results demonstrated that T7 189 

expression system could also be applied in a “one-element system”---a single plasmid system, 190 

rather than a “two-element system”, which contains both a DE3 lysogenic host (that include a 191 

chromosomal T7 RNAP) and a plasmid (including a T7 promoter and the target gene). 192 

Stability of the inducible HITES for long-period cultivation. Genetically engineered 193 

bacteria need to be continuously subcultured in both laboratory research and industrial 194 

production.
9,38

 Therefore, the plasmid harboring the HITES must be genetically stable in host 195 

cells and not mutate. A serial subculture experiment was carried out to test the stability of the 196 

HITES. As shown in Fig. 3a, the RFI fluctuated within a reasonable range, and neither 197 

JM109(DE3) nor JM109/HITES cells clearly declined in RFI. Meanwhile, non-fluorescent cells 198 

did not appear in Fig. 3b, and the ratio of fluorescent cells remained constant (Fig. 3c). These 199 

results underlined the stability of the HITES in E. coli JM109 strains. 200 

The stability of the HITES was further tested in E. coli BL21 strains. Fig. 4a shows that the 201 

RFI of BL21/HITES cells fluctuated within a narrow range. As a positive control, the RFI of 202 

BL21(DE3) clearly declined over long periods of serial subculture. Similarly, the distribution of 203 

fluorescent cells remained fairly constant in BL21/HITES cells. In contrast, a small number of 204 

non-fluorescent cells appeared in BL21(DE3) after the 15th subculture (Fig. 4b), and a clear 205 

increase in non-fluorescent cells started. The fluorescence intensities of single cells started to 206 

decline significantly in BL21(DE3) cells (Fig. 4b). As shown in Fig. 4c, the ratio of fluorescent 207 

BL21/HITES cells stayed higher than this ratio for BL21(DE3) cells after each subculture. This 208 

behavior might be because these conventional BL21(DE3) cells were not stable over long 209 

periods of cultivation, which was identical to previously reported results.
39,40

 This decrease in 210 

target gene expression in DE3 hosts was attributed to chromosomal mutations that diminish the 211 

level of functional T7 RNA polymerase.
39

 In this context, the HITES exhibited better stability in 212 

E. coli BL21 cells than BL21(DE3) cells, which implied that the expression level of T7 RNAP 213 

from the HITES was less toxic in E. coli BL21 than the level of T7 RNAP in BL21(DE3) cells. 214 

Altogether, the HITES showed an excellent expression capacity and stability by inhibiting the 215 

expression of T7 RNAP with optimized asRNA, promoter and terminator engineering. All these 216 

results support the hypothesis that limiting the amount of T7 RNAP is the key to successfully 217 
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constructing stable HITESs, which provides guidance for other researchers to develop T7 218 

expression systems.  219 

The cross-species application of HITES. To demonstrate that the HITES was able to work 220 

efficiently in different host cells, we tested it in three different gram-negative bacteria, including 221 

Pseudomonas putida KT2440, Tatumella morbirosei LMG 23359, Sinorhizobium TH572, and 222 

one gram-positive bacterium, Corynebacterium glutamicum RES167, in addition to E. coli 223 

JM109 and BL21. P. putida and C. glutamicum have been widely used in laboratory research and 224 

industrial production. Sinorhizobium is an important wild-type strain for the industrial 225 

production of D-p-hydroxyphenylglycine (D-HPG),
41

 while T. morbirosei has great potential for 226 

replacing the conventional two-step fermentation process in the vitamin C industry with a 227 

one-step process.
42

 To test the efficacy of the HITES, we first integrated it with a gfp reporter 228 

gene into a single plasmid that survives in corresponding host and then transformed these 229 

plasmids into corresponding host cells separately. Confocal fluorescence microscopy imaging 230 

(Fig. 5a) showed that almost all cells exhibited significant GFP fluorescence and that the RFI of 231 

hosts harboring the HITES was significantly higher than that of the control (Fig. 5b). These 232 

results indicated that the HITES could be universally used in different gram-positive and 233 

gram-negative species. 234 

On the other hand, since metabolic engineering often requires multistep enzymatic catalytic 235 

reactions for the production of desired chemicals,
38

 demonstrating that the HITES can be used to 236 

express multiple genes in a multicistron structure in a single plasmid is important. To verify this 237 

ability, luxAB genes encoding a 41 kDa α subunit and a 37.68 kDa β subunit were selected as 238 

reporter proteins. SDS-PAGE (Fig. 5c) showed the high expression levels of luxAB genes in P. 239 

putida, T. morbirosei, C. glutamicum, and E. coli. In summary, the HITES showed excellent 240 

performances 1) in different gram-positive and gram-negative strains; 2) in different laboratory 241 

and industrial strains; and 3) in single-gene and multi-gene expression systems. These results 242 

underlined the potential of using the HITES in different species and multi-gene expression 243 

systems for laboratory research and industrial production. 244 

The regulation performance of the HITES. The expression of enzymes involved in a 245 

desired pathway must always be finely tuned for an optimized and balanced pathway flux.
9,43

 246 

Inclusion bodies consisting of inactive protein aggregates are easily formed using conventional 247 

T7 expression systems,
44

 and multiple strategies had been adopted to prevent the formation of 248 
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inclusion bodies by slowing down the rate of protein synthesis.
45

 Here, tuning the amount of T7 249 

RNAP within a wide range was hypothesized to precisely regulate the expression of T7 250 

promoter-cognate genes. The sequence of ribosome binding sites (RBSs) have been shown to 251 

strongly affect gene expression at the translational level.
46

 Therefore, we designed a series of 252 

RBS sequences (Fig. 6b) with different putative T7 RNAP translation rates using the RBS 253 

Calculator v2.0 model (Table. S2).
47

 As shown in Fig. 6c and d, JM109 and BL21 cells 254 

modulated by HITESs containing different RBSs exhibited significant differences in GFP 255 

fluorescence, with RFI values ranging from 0.63 to 200.08% and from 0.36 to 149.50%, 256 

respectively, relative to the RFI of DE3 lysogenic hosts. This result not only confirmed the 257 

strong effect of the RBS sequence on regulating T7 RNAP expression but also provided a good 258 

strategy for refining the efficacy of HITES in various hosts to meet the needs of different cases 259 

of metabolic engineering, which will be further proven in the following section. 260 

Construction of stable constitutive HITESs in Sinorhizobium TH572. The expression of 261 

different genes in metabolic networks should vary on a case-by-case basis. For instance, 262 

inducible expression is more effective when gene expression is regulated at specific growth 263 

stages, whereas for the production of inexpensive products (where the cost of inducer is the main 264 

concern), constitutive expression is commonly used for gene expression.
38

 Sinorhizobium TH572 265 

is an industrial bacterium used to produce D-HPG, which is the precursor of amoxicillin in the 266 

bio-pharmaceutical industry.
41

 A commonly used method to produce D-HPG depends on an 267 

inherent expression system in Sinorhizobium TH572 that expresses the enzymes D-hydantoinase 268 

(D-Hase) and D-carbamoylase (D-Case) (Fig. 9a). However, the requirement of the toxic, 269 

unstable and expensive inducer 5-(2-methylthioethyl)hydantoin made this inherent expression 270 

system less practical in industrial production. This limit can be avoided if a constitutive HITES 271 

where D-Hase and D-Case are constitutively expressed by T7 RNAP without inducers is used as 272 

a substitute. For this purpose, the lacI gene, encoding a lactose repressor, was deleted from 273 

HITES to realize constitutive gene expression. The deletion of lacI caused a sharp decrease in 274 

RFI in serial subcultures (Fig. 7a), with non-fluorescent cells appearing and eventually becoming 275 

the whole population (Fig. 7b), indicating the instability of the HITES-∆lacI construct. Solving 276 

this problem requires reducing the amount of T7 RNAP present.  277 

As described above, the designed RBSs in the former section tuned the T7 RNAP 278 

expression level. Five RBSs with lower translation rates (RBS2-6) were selected for constructing 279 
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a stable constitutive HITES (Fig. 7c). The results in Fig. 7d indicated that the expression of T7 280 

RNAP decreased corresponding to the putative translation rate of the five RBSs, among which 281 

RBS2 caused the strongest reduction. The following subculture experiment demonstrated that 282 

RBSs with lower translation rates slowed the fluorescent decay (Fig. 8a-e, left panel) and that the 283 

RFI of cells with HITES-RSB2-∆lacI remained steady during long periods of serial subculture 284 

(Fig. 8a, left panel). The distribution of fluorescent cells showed the same trend (Fig. 8a-e, right 285 

panel), and no clearly non-fluorescent cells were observed when the HITES-RSB2-∆lacI 286 

construct was used (Fig. 8a, right panel). Fig. 8f further revealed that the ratio of fluorescent 287 

cells was significantly higher when RBSs with lower translation rates were applied. The 288 

constitutive expression from HITES-RSB2-∆lacI was stable for at least 20 subculture cycles, 289 

which should satisfy the demands of large-scale industrial production, assuming that cells 290 

require 27 generations to grow from a 1 milliliter seed culture to a 100 cubic meter culture with 291 

the same cell density. In addition, the inoculum volume was 0.1% per subculture in the previous 292 

subculture experiment, indicating that the cells grew at a speed of approximately 10 generations 293 

per subculture. Thus, the fermentation could theoretically be carried out steadily if the 294 

HITES-RSB2-∆lacI construct is stable for at least 3 subcultures, which is far less than 20 295 

subcultures demonstrated above. In conclusion, by using RBSs with different translation rates, 296 

the speed of T7 RNAP expression was adjusted to a reasonable level in a given host to achieve 297 

stable protein expression. 298 

Constitutive expression of D-Hase and D-Case in Sinorhizobium TH572. Based on the 299 

results above, the stable, constitutively expressing HITES-RSB2-∆lacI construct was utilized to 300 

overexpress D-Hase and D-Case in Sinorhizobium TH752. A recombinant strain used in 301 

industrial production, Sinorhizobium/Hp-C2H, that harbors the inherent inducible promoter was 302 

selected as a positive control to investigate the expression capacity of HITES-RSB2-∆lacI in 303 

TH752 cells. SDS-PAGE analysis (Fig. 9b) showed that the expression level of D-Hase and 304 

D-Case was slightly higher in cells with this construct than in the positive control 305 

(Sinorhizobium/Hp-C2H). The combined enzyme activity (which was used to evaluate the 306 

amount of the active enzymes) of Sinorhizobium/Hp-C2H and 307 

Sinorhizobium/HITES-RBS2-∆lacI-C2H was 1.00U and 1.11U, respectively (Fig. 9c). To 308 

conclude, the application of the stable, constitutive HITES in TH572 not only released D-HPG 309 

production from the addition of inducer but also exhibited a combined enzyme activity 10.74% 310 
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greater than that of the existing industrial strain, demonstrating the industrial value of HITESs in 311 

different wild-type strains.  312 

Here, a novel host-independent T7 expression system integrating the T7 RNAP gene and its 313 

cognate T7 promoter into the same unit with antisense RNA regulation has been developed. This 314 

HITES was integrated into a single plasmid for effective and stable work in host cells, freeing 315 

the application of the T7 system from relying on DE3 lysogenic strains. HITES has high 316 

transcriptional efficiency, flexible regulation performance and long-lasting genetic stability 317 

during subculture. The HITES also worked effectively in one gram-positive and five different 318 

gram-negative strains, indicating its universality and powerful application potential in different 319 

prokaryotic hosts. 320 

A recent publication reported the Universal Bacterial Expression Resource (UBER), which 321 

is an autonomous self-regulated T7 RNAP expression system that functions by combining mixed 322 

feedback control loops and cross-species translation signals, and reported it functioning in E. coli, 323 

Bacillus subtilis and P. putida.
13

 However, there are many advantages of our work comparing to 324 

theirs regarding the construction strategy and application fields. First, HITES can be integrated 325 

into a single plasmid for stable expression in different hosts, whereas the UBER usually requires 326 

two biocompatible plasmids to achieve the efficient expression of target genes, which limits its 327 

application in non-canonical hosts. Second, the normal function of the UBER relies on the 328 

optimization of both positive and negative feedback loop strengths when applied in a new host, 329 

while the expression capacity in our HITES system is effectively tuned by simple RBS 330 

engineering. Lastly, unlike the UBER, which is a constitutive expression system with no operon 331 

to control target gene expression, we have developed ready-to-use, constitutive HITESs and 332 

inducible HITESs for application to different metabolic engineering situations. 333 

 334 

 335 

Methods 336 

Bacterial strains and culture conditions. E. coli JM109, E. coli BL21, P. putida KT2440, T. 337 

morbirosei LMG 23359, and Sinorhizobium TH572 were cultured in LB broth. C. glutamicum 338 

RES167 was cultured in LBGU medium (10 g of tryptone, 10 g of NaCl, 5 g of yeast extract, 10 339 

g of glucose and 2 g of urea per liter). Solid media on plates were prepared by adding 1.5% w/v 340 

agar. E. coli cells were grown at 37°C, P. putida, Sinorhizobium and C. glutamicum were grown 341 
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at 30°C, and T. morbirosei cells were grown at 28°C. Antibiotic selection for E. coli with the 342 

single plasmid pET30-HITES was performed with 50 µg/ml kanamycin. Antibiotic selection for 343 

T. morbirosei, P. putida and Sinorhizobium with the single plasmid pBBR1MCS5-KT-HITES or 344 

pBBR1MCS5-Sino-HITES was performed with 30 µg/ml gentamicin. Antibiotic selection for C. 345 

glutamicum with the single plasmid pXMJ19-HITES was performed with 12.5 µg/ml 346 

chloramphenicol.  347 

 348 

Plasmid construction. The coding sequence of synthetic small RNA was synthesized by 349 

assembly PCR according to primers designed using DNAWorks (v3.2.4). The various plasmids 350 

with CAP deletion, terminator replacement, and designed RBSs were constructed using standard 351 

cloning techniques, including PCR, restriction enzyme digestion and ligation. For application in 352 

P. putida and T. morbirosei, a HITES fragment was amplified from pET30-HITES with primers 353 

HITES-KT-F and HITES-KT-R, the plasmid fragment was amplified from pBBR1MCS-5 with 354 

primers pBBR1MCS5-KT-F and pBBR1MCS5-KT-R, and the HITES fragment was cloned into 355 

the plasmid fragment by Gibson assembly, resulting in pBBR1MCS5-KT-HITES. (Fig. S5) For 356 

application in Sinorhizobium, a HITES fragment was amplified from pET30-HITES with 357 

primers HITES-Sino-F and HITES-Sino-R, the plasmid fragment was amplified from 358 

pBBR1MCS-5 with primers pBBR1MCS5-Sino-F and pBBR1MCS5-Sino-R, and the HITES 359 

fragment was cloned into the plasmid fragment by Gibson assembly, resulting in 360 

pBBR1MCS5-Sino-HITES. (Fig. S5) For application in C. glutamicum, a HITES fragment was 361 

amplified from pET30-HITES with primers HITES-RES-F and HITES-RES-R, the plasmid 362 

pXMJ19 was double digested with Apa I and EcoR I to obtain the plasmid fragment, and the 363 

HITES fragment was cloned into the plasmid fragment by Gibson assembly, resulting in 364 

pXMJ19-HITES. (Fig. S5) For construction of constitutive HITES, the primers Delete LacI-F 365 

and Delete LacI-R were gradient annealed, and the plasmid pBBR1MCS5-Sino-HITES was 366 

digested with Mlu I/SgrA I. The annealed DNA fragment and the digested plasmid were ligated 367 

with T4 DNA ligase to generate plasmid pBBR1MCS5-Sino-HITES-∆lacI. The recombinant 368 

plasmids were sequenced after their construction. Cloning was conducted in E. coli DH5α cells. 369 

The sequence of pBBR1MSC-5 and pXMJ19 could be referred to the GenBank accession 370 

number U25061.1 and AJ133195.1. 371 

 372 
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Induction of protein expression. E. coli cells were induced with 0.2 mM IPTG at 30°C for 18 373 

hours. P. putida and Sinorhizobium cells were induced with 0.2 mM IPTG at 30°C for 12 and 24 374 

hours, respectively. T. morbirosei cells were induced with 0.2 mM IPTG at 28°C for 18 hours. C. 375 

glutamicum cells were induced with 0.2 mM IPTG at 30°C for 18 hours. IPTG was added at the 376 

beginning of each culture for all inductions. 377 

 378 

Fluorescence measurements. To facilitate comparisons of different hosts, the fluorescence 379 

intensity was normalized as the fluorescence intensity per OD600. For all the strains used in this 380 

study, OD600 and fluorescence measurements were recorded using an Infinite M200PRO 381 

spectrophotometer (TECAN). Samples were diluted to the proper concentration (OD600=0.3-0.8) 382 

before measurement. Samples of 200 µl volumes (triplicate) were transferred to a 96 well 383 

transparent microtiter plate for OD600 measurements, and a 96 well black microtiter plate for 384 

GFP fluorescence measurements. The excitation and emission wavelengths were 485 and 535 385 

nm, respectively. The fluorescence and OD600 measurements of the plate wells were conducted 386 

after high orbital shaking. Single-cell fluorescence distributions were measured using an S3e 387 

Cell Sorter (Bio-Rad). The samples were diluted to 10
6
 cells/ml and filtered before injection. The 388 

number of collected cells was set to 30,000. In addition, the ratio of fluorescent cells was 389 

counted from the results of a flow cytometer. 390 

 391 

Growth measurements. Growth curves were recorded using a Bioscreen C (Oy Growth Curves 392 

Ab Ltd). Overnight cultures were diluted into LB medium (final volume 300 µl) to a final OD600 393 

of 0.05. The incubation temperature was 30°C, and the lid temperature was 31°C. The plate was 394 

then cultured with high orbital shaking, and its OD600 was measured every 20 min. 395 

 396 

Western blot. The OD600 values of the cells were measured using an Infinite M200PRO 397 

spectrophotometer. Cells with an OD600 of 30 were harvested by centrifugation and resuspended 398 

to a final volume of 300 µl. Then, 75 µl of 5×SDS-PAGE loading buffer was added to the 399 

samples, which were then boiled for 10 min to lyse the cells. The samples were subsequently 400 

centrifuged at 13,000 g for 2 min. The supernatant contents were separated by 12% SDS-PAGE 401 

under reducing conditions and transferred to a polyvinylidene difluoride (PVDF) membrane 402 

(0.45 µm) using 300 mA of current for 2 hours. Membranes were divided into two parts (the 403 
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upper part, containing T7 RNAP, and the other part, containing glyceraldehyde 3-phosphate 404 

dehydrogenase (GAPDH)) and blocked with 5% skim milk powder in TBST (10 mM Tris-HCl, 405 

pH 7.5, 150 mM NaCl, and 0.05% Tween 20) overnight. Membranes were incubated with the 406 

indicated antibodies at room temperature for 2 hours. T7 RNAP was incubated with T7 RNAP 407 

monoclonal antibody (Novagen, Catalog Number 70566), and GAPDH (selected as reference 408 

protein) was incubated with GAPDH rabbit polyclonal antibody (Beijing Biodragon 409 

Immunotechnologies Co., Ltd, Catalog Number B1421). The membranes were then washed five 410 

times and incubated with peroxidase-conjugated secondary antibody (ZsBio Ltd.). Finally, 411 

proteins were detected with High-sig Enhanced Chemiluminescence (ECL) Western Blotting 412 

Substrate (Tanon Science & Technology Co., Ltd., Catalog Number 180-501). 413 

 414 

Serial subculture experiments. Subculture experiments were carried out according to the 415 

procedure shown in Fig. 2a. For E. coli, the seed was cultured in LB medium at 37°C for 12 416 

hours, and the culture was then transferred to LB medium with 0.2 mM IPTG at 30°C for 24 417 

hours. For Sinorhizobium, the seed was cultured in LB medium at 30°C for 24 hours, and the 418 

culture was then transferred to LB medium with 0.2 mM IPTG at 30°C for 24 hours. 419 

 420 

Enzyme activity measurement. Recombinant or wild-type Sinorhizobium TH572 cells with an 421 

OD600 of 30 were harvested by centrifugation, and then washed and resuspended in 1/15 M 422 

Na2HPO4-KH2PO4 buffer (pH 8.0) to a final volume of 1 ml. Catalytic reactions were conducted 423 

with 9 ml of 0.3% D,L-HPH solution as the substrate at 33°C and 150 rpm for 30 min. Next, 400 424 

µl of 6 M HCl was added to terminate the reaction. The reaction mixture was then centrifuged 425 

and cooled in ice. 426 

The concentrations of D-HPG were measured using high-performance liquid 427 

chromatography (SHIMADZU, LC-10ATVP). Chromatographic conditions were column: 428 

Inertsil ODS-2 packed column (5µm, 4.6×250 mm, Catalog Number 5020-01128); detector: 429 

UV-visible detector, 210 nm; flow rate: 1.0 ml/min; mobile phase: water/acetonitrile/phosphoric 430 

acid (96:4:0.01, v/v/v). The standard curve of D-HPG standards was constructed under the same 431 

chromatographic conditions. In addition, the concentrations of D-HPG in the samples were 432 

calculated from the standard curve. The combined enzyme activity was calculated according to 433 

the following equation: 434 
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combined	enzyme	activity	�U/ml� =
�� ∙ ��

��

∙
��

�� ∙ �
 

cS: The concentration of D-HPG in the sample, g/ml 435 

MD: The molar mass of D-HPG, 167.16 g/mol
 

436 

Ds: The dilution factor of the sample 437 

V2: The volume of the reaction mixture, 10 ml in our study 438 

V1: The volume of the broth diluted in the reaction mixture, 1 ml in our study 439 

t: The reaction time, 30 min in our study 440 

 441 

 442 

 443 

 444 

 445 
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Figure Legends 595 

Scheme 1. The operating principle of the HITES designed in this study. CAP: the CAP binding 596 

site of the lac promoter, TT: terminator. Elements marked in red fonts were engineered in the 597 

following section to generate a stable HITES. 598 

 599 

Figure 1. Instability of the first-generation HITES. (a) Schematic representation of the subculture 600 

experiment. (b) The fluorescent cell distribution after each subculture in LB medium. (c) The 601 

fluorescent cell distribution after each subculture in GLB medium (LB medium containing 1% 602 

glucose). 603 

 604 

Figure 2. Construction and verification of a stable HITES. (a) The amount of T7 RNAP in 605 

JM109 host cells with different modifications (asRNA sequence, CAP deletion, and terminator 606 

replacement) was analyzed by western blot using monoclonal antibodies against T7 RNAP. 607 

JM109: JM109 harboring pET30-GFP, negative control; JM109(DE3): JM109(DE3) harboring 608 

pET30-GFP, positive control; JM109/A4A27: JM109 harboring the first-generation HITES; 609 

JM109/A4A27-Hfq: JM109 harboring a HITES with synthetic asRNA; JM109/A4A27-∆CAP: 610 

JM109 harboring a HITES with CAP deletion; JM109/A4A27-Hfq-∆CAP: JM109 harboring a 611 

HITES with synthetic asRNA and CAP deletion; JM109/HITES: JM109 harboring a HITES with 612 

synthetic asRNA, CAP deletion and terminator replacement. (b) The RFI of JM109 host cells 613 

with different modifications (asRNA sequence, CAP deletion, and terminator replacement). (c) 614 

Single-cell GFP fluorescence distributions of JM109 host cells with different modifications 615 

(asRNA sequence, CAP deletion, and terminator replacement). (d) The amount of T7 RNAP in 616 

BL21 host cells with different modifications (asRNA sequence, CAP deletion, and terminator 617 

replacement) was analyzed by western blot using monoclonal antibodies against T7 RNA 618 

polymerase. (e) The RFI of BL21 host cells with different modifications (asRNA sequence, CAP 619 

deletion, and terminator replacement). (f) Single-cell GFP fluorescence distributions of BL21 620 

host cells with different modifications (asRNA sequence, CAP deletion, and terminator 621 

replacement). 622 

 623 

Figure 3. Stability of the HITES in E. coli JM109 during long periods of serial subculture. (a) 624 

The fluorescence intensity changes in JM109(DE3) and JM109/HITES cells measured by 625 
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spectrophotometer after each subculture. (b) Single-cell GFP fluorescence distributions of 626 

JM109(DE3) and JM109/HITES cells measured by flow cytometer. The numbers 1, 5, 10, 15, 20, 627 

and 22 represent the first, fifth, tenth, fifteenth, twentieth, and twenty-second subculture, 628 

respectively. (c) The ratio of fluorescent JM109(DE3) and JM109/HITES cells after each 629 

subculture, which was determined from the results of a flow cytometer. 630 

 631 

Figure 4. Stability of the HITES in E. coli BL21 during long periods of serial subculture. (a) The 632 

fluorescence intensity changes of BL21(DE3) and BL21/HITES cells measured by 633 

spectrophotometer after each subculture. (b) Single-cell GFP fluorescence distributions of 634 

BL21(DE3) and BL21/HITES cells measured by flow cytometer. The numbers 1, 5, 10, 15, 20, 635 

and 22 represent the first, fifth, tenth, fifteenth, twentieth, and twenty-second subculture, 636 

respectively. (c) Ratio of fluorescent BL21(DE3) and BL21/HITES cells after each subculture, 637 

which was determined using a flow cytometer. 638 

 639 

Figure 5. Universality of the HITES in different gram-positive and gram-negative bacteria. (a) 640 

Confocal fluorescence micrograph analysis showing GFP fluorescence in different host cells. 641 

The merged images of the confocal fluorescence micrographs and the differential interference 642 

contrast (DIC) micrographs are shown. Scale bars, 2 µm. (b) GFP fluorescence intensity of 643 

different host cells measured by spectrophotometer. (c) SDS-PAGE analysis of luxAB 644 

expression in P. putida, T. morbirosei, C. glutamicum, E. coli JM109 and BL21 cells. 645 

 646 

Figure 6. The regulation performance of HITESs with different T7 RNAP translation rates. (a) 647 

Schematic diagram of how the RBS of T7 RNAP gene could affect its expression in HITESs. (b) 648 

Putative translation initiation rate of the designed RBSs according to the RBS Calculator v2.0 649 

model. (c) GFP fluorescence intensity of JM109 cells harboring HITESs with different RBSs 650 

measured by spectrophotometer. (d) GFP fluorescence intensity of BL21 cells harboring HITESs 651 

with different RBSs measured by spectrophotometer. 652 

 653 

Figure 7. Construction of a stable, constitutive HITES in Sinorhizobium TH572. (a) The 654 

fluorescence intensity changes of Sinorhizobium/HITES-∆lacI measured by spectrophotometer 655 

after each subculture. (b) Single-cell GFP fluorescence distributions of 656 
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Sinorhizobium/HITES-∆lacI cells measured by flow cytometer. The numbers 1, 2, 3, 4, 5, and 8 657 

represent the first, second, third, fourth, fifth, and eighth subculture, respectively. (c) Putative 658 

translation initiation rate of the designed RBSs according to the RBS Calculator v2.0 model. (d) 659 

The amount of T7 RNAP in Sinorhizobium harboring constitutive HITESs with different RBSs 660 

was analyzed by western blot using monoclonal antibodies against T7 RNAP. 661 

 662 

Figure 8. The stability of constitutive HITESs with different RBSs. (a-e) Left: The fluorescence 663 

intensity changes of Sinorhizobium cells harboring constitutive HITESs with RBS2, RBS3, 664 

RBS4, RBS5, and RBS6, respectively. Right: Single-cell GFP fluorescence distributions of 665 

Sinorhizobium harboring constitutive HITESs with RBS2, RBS3, RBS4, RBS5, and RBS6, 666 

respectively. Numbers on the graph represent the iteration number of the subculture. (f) Ratio of 667 

fluorescent Sinorhizobium cells harboring constitutive HITES with different RBSs after each 668 

subculture as counted by a flow cytometer. 669 

 670 

Figure 9. Constitutive expression of D-Hase and D-Case in Sinorhizobium TH572. (a) Schematic 671 

diagram of D-HPG production via the catalysis of two sequentially acting enzymes, D-Hase and 672 

D-Case. (b) SDS-PAGE analysis of D-Hase and D-Case expression in wild-type Sinorhizobium 673 

(negative control), Sinorhizobium/Hp-C2H (positive control), and 674 

Sinorhizobium/HITES-RBS2-∆lacI-C2H cells. (c) Combined enzyme activity of the 675 

corresponding strains measured by HPLC. 676 
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