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Facile expression of proteins with desired
N-terminal amino acid via an engineered
cysteine protease domain
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Tianhong Yuan8, Jinhua Dong 1 , Wei Shi 2,6 , Feng Tang 1,2,5,6 & Wei Huang 1,2,4,5,6

The removal of N-terminal methionine (Met) or fusedN-terminal purification tags to expose the first amino
acid of the target protein is critically important for studying the potential regulatory role of the N-terminal
residue. However, current tag-removal approaches typically rely on enzymatic cleavage or require harsh
reaction conditions. Here, we report a strategy for expressing proteins of interest (POI) with custom
N-terminal amino acids by introducing an engineered cysteine protease domain (CPD) tag at the
N-terminus. The cleavable tag is chemically triggered by inositol hexakisphosphate (InsP6), enabling
precise generation of proteins with a user-definedN-terminus. Through systemic design and engineering
of the N-terminal CPD tag, we successfully achieved POI variants with N-terminal Gly, Ser, His, Lys and
other residues except Pro. In addition to the model protein, a Her2-targeting nanobody, we also
successfully produced a RNF43-specific nanobody with an N-terminal Gln (N-Gln), an EGFR-targeting
nanobody with N-Ala, the Sortase A enzyme with N-Gln, the fluorescent protein TurboGFP with N-Glu,
and the sialic acid transferase Δ15 Pd2,6ST with N-Cys. The construction of engineered nCPD-His10-
POI further produced POI variants with a customized N-terminus and without any purified tags. Overall,
the established approach enables high-yield protein expression and enzyme-independent, single-step
removal of the redundant tag to yield proteins with the desired N-terminal residues, offering a valuable
option for investigating N-terminal modifications and their functional implications.

Several recombinant protein expression systems have been developed to
produce proteins of interest (POI)1–9, including mammalian cells3,4, yeast
strains8,9, and Escherichia coli (E. coli)4–7. Among them, E. coli system is
particularly favored due to lower cost, higher yield, short expression period,
and ease of manufacturing. Meanwhile, special tags have always been fused
to the N- or C-terminus of the recombinant proteins for purification, or to
enhance protein solubility and expression yield10,11. Among these tags,
maltose-binding protein (MBP)12–14, glutathione S-transferase (GST)15, and
cysteine protease domain (CPD)16 could effectively enhance solubility17.
Poly-histidine tag and FLAG tag, which consist of several amino acids, are
commonly employed for purification18.

However, the addition of the tag may significantly alter the properties
of POI and interfere with subsequent research, especially when fused to the
N-terminus17–19. Toaddress this issue, variousmethodshavebeendeveloped
to remove these N-terminal tags after purification18,20. Traditional approa-
ches include enzymatic methods18, chemical induction21,22 and intein-
assisted methods20,23–25 (Fig. 1a–c). Enzymatic methods typically release the
native N-terminus of the POI based on the enzyme recognition of a specific
sequence18. Enterokinase is a traditional system to achieve Xaa-POI by
cleaving the five-peptide sequence DDDDK26. The Profinity eXact system,
developedbyBio-RadLaboratories Inc., fuses a subtilisinBPN+pro-domain
to the N-terminus of the POI, which could bind to subtilisin S189 cross-
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linked agarose and be released under F- triggering conditions, enabling the
purification of native POI without tags27. In addition, TEV protease12,13,
Thrombin28, Factor Xa29, and 3C protease12,30 are favorable alternatives for
N-terminal tag removal by cleaving various sequences indicated in Fig. 1a25.
Chemical-induced cleavage offers an alternative solution due to better
reaction efficiency and lower cost. For example, cyanogen bromide (CNBr)
effectively cleaves the peptide bond after Met31, while BNPS-Skatole
recognizes and cleaves at the carboxyl terminal of Trp22 (Fig. 1b). However,
the traditional cleavage condition of CNBr requires 70% formic acid or
trifluoroacetic acid, or 0.1–0.5MHCl, and 20–100 molar excess of CNBr31.
Similarly, BNPS-Skatole often works in acidic conditions like 80% acetic
acid20. These harsh conditions can compromise the POI or lead to unne-
cessary modification20. Additionally, chemical reagents display insufficient
sequence specificity, always resulting in undesired hydrolysis on other
amino acids.

Intein-based removal of the N-terminal tag offers researchers an
alternative option. One such commercial system, developed by New Eng-
land Biolabs, is known as Intein-Mediated Purification with an Affinity
Chitin-bindingTag (IMPACT)23,24. In this system, intein and chitin-binding
domain (CBD) affinity tag are fused to the N-terminus of a POI, and the
fusion protein is immobilized on a column with chitin matrix. Next, the
intein is released by adding a thiol-containing reagent or adjusting the pH,
ultimately yielding thenativePOI (Fig. 1c). This systemprovides a rapid and
straightforward approach to prepare native POI under mild conditions.
However, a risk of pre-cleavage exists during in vivo expression, and some
inducers may alter the POI structure32.

The cysteine protease domain (CPD), derived from the Vibrio cholerae
MARTXtoxin, canbeactivatedbyeukaryotic-specific smallmolecule inositol
hexakisphosphate (InsP6), and subsequently leads to self-cleavage after a
specific leucine residue at its own N-terminus with a notable preference for
the leucine residues surrounded by smaller amino acids33,34. Previous studies
have shownthatCPDenhances the expressionand solubilityof thePOIwhen
used as a C-terminal tag16,35,36. In our previous study, we inactivated the CPD
bycovalently conjugating theCys144with apeptideand found that the fusion
protein, Endo-F3 (D165A)-CPDinactive, is stable in the presence of InsP6.
However, an interesting phenomenon occurred that Endo-F3 (D165A)-
CPDinactive canbecleavedby apurifiedCPDorbyco-incubatingwithEndo-F3
(D165A)-CPD in the presence of InsP6

37 (Supplementary Fig. 11 in ref. 37),

indicating that CPD possesses the potential for cleaving target proteins in
trans processing34. Given the self- or in trans cleavage characteristic of CPD
tag, we speculated that the N-terminal CPD tag is applicable for tag-removal
to acquire native POIs with specific N-terminus (Fig. 1d). Taking an anti-
Her2nanobodyas amodel,wedesigneda seriesof engineeredCPDtags fused
to theN-terminus. After evaluating the cleavage rate of these fusion proteins,
we ultimately identified Fusion 9 with L207I/L214A dual-mutations as the
most effective candidate. We successfully applied this engineered CPD tag-
removal strategy to express anti-Her2 nanobody carrying different
N-terminal aminoacids exceptPro residue andGlu residue. In addition, anti-
RNF43 nanobody with N-terminal Gln (N-Gln), an EGFR-targeting nano-
body with N-Ala, the Sortase A enzyme with N-Gln, the fluorescent protein
TurboGFP with N-Glu, and Δ15 Pd2,6ST with N-Cys can also be achieved,
validating the feasibility and the broad substrate applicability of the strategy.

Results and discussion
Investigation of fusing the CPD tag to the N-terminus of a POI
Traditionally, theCPD tag is fused to theC-terminus of a protein to increase
its soluble expression16,38. It remains unknown if it still works when fusing
the CPD at the N-terminus of a POI. To answer it, we firstly fused the CPD
(from pET22b-CPDSalI, see Materials section for plasmid information) to
the N- or C-terminus of a nanobody against Her2, named as NbHer2, giving
CPD-(G4S)3-Nb

Her2 and NbHer2-CPD respectively (Fig. 2a and Supplemen-
tary Fig. 1).Afterprotein expression,we extracted the sameamountofE. coli
cells for SDS-PAGE analysis. As illustrated in Fig. 2b, fusing CPD at either
the C-terminus or theN-terminus ofNbHer2 gave the same expression levels,
indicating that fusing CPD to the N-terminus of a protein also works well.

To further evaluate the cleavage characterization of the N-terminal
CPD,wenext constructed another fusionproteinCPD5-215-(G4S)3-VDALA-
NbHer2 (Fusion 2, Fig. 2c), in which VDALA is the preferred cleavage site of
CPD. After incubation with InsP6, the SDS-PAGE analysis illustrated that
both fusion proteins exhibited complicated hydrolytic products (Fig. 2d).
The LC-MS analysis further revealed that the cleavage of Fusion 1 mainly
occurs at sites L4, L207, and L214, with L4 as the favorable cleavage site,
which results in the predominant productA5-Nb

Her2. For Fusion 2, however,
three CPD-associated fragments were identified with L234 being the pre-
ferred cleavage site (Fig. 2e and Supplementary Fig. 2). These data are
consistent with prior data that CPD can recognize and cleave after any

Fig. 1 | Strategies to release N-terminus of a POI. a–c Traditional strategies to remove the N-terminal tag. dAn engineered cleavable CPD tag fused to the N-terminus of a
POI enables the customization of the first amino acid.
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Leucine within flexible protein strands33,39. Thus, we sought to optimize the
reaction conditions, including pHand temperature, to promote the cleavage
efficiency at L234 of Fusion 2. The SDS-PAGE and LC-MS analysis
demonstrated that a pH of 7.5 at 37 °C yielded favorable cleavage results
(Supplementary Fig. 3). Overall, though with multi-site cleavage, these
results demonstrated the feasibility of the N-terminal CPD tag fusion.

Engineering N-terminal CPD to facilitate the desired cleavage at
the design site
Based on this intriguing observation, we next chose Fusion 2 as the initial
template to engineer the CPD tag, aiming to achieve the neatly hydrolyzed
product of Xaa-POI. First, we deleted two amino acids ‘VD’ of the cleavage
sequence to give CPD-(G4S)3-ALA-Nb

Her2 (Fusion 3). Second, to avoid the
undesired hydrolysis observed above, we mutated L207 and L214 to Ala,
giving CPDL214A-G4S-VDALA-Nb

Her2 (Fusion 4), CPDL214A-(G4S)3-
VDALA-NbHer2 (Fusion 5), and CPDL207A/L214A-(G4S)3-VDALA-Nb

Her2

(Fusion 6), respectively (Fig. 3a).We subsequently investigated the cleavage
capabilities of these fusions and found that either Fusion 3 with ‘VD’
deletion or Fusion 4with L214A and shorter GS linker impaired the specific
hydrolysis at L234.TheFusion5,with a singlemutation at L214 anda longer
GS spacer, yielded a greater proportion of the desired product in the pre-
sence of InsP6 according to the SDS-PAGE and LC-MS results (Fig. 3b and
Supplementary Fig. 4). Notably, Fusion 6, featuring double mutations at
L207 and L214, however, almost lost its cleavage activity completely, indi-
cating that L207 plays pivotal role (Fig. 3b and Supplementary Fig. 4). Next,
we shortened Fusion 2 and Fusion 5 by removing the ‘ADGK’ sequence at
N-terminus, resulting in Fusion 7 and Fusion 8, respectively (Fig. 3a). As
expected, this deletion accelerated the cleavage rate induced by InsP6
(Fig. 3c, d), since that Fusion 7 and 8 were completely consumed within
4–8 h. Thereafter, we proceeded to engineer the CPD tag based on Fusion 8.

According to the above-mentioned results that Fusion 6 with L207A/
L214A lost the cleavage activity completely, here we further replaced L207
with its isomer Ile to construct Fusion 9, trying tofind a suitable substitution
to avoid the alternative hydrolysis at L207.Additionally, considering that the
smaller amino acids near L234 might promote cleavage, we replaced the

tetra-peptide ‘SVDA’ before L234 in Fusion 8 to a single Gly residue to
construct Fusion 10 (Fig. 3a). With Fusion 8, 9, and 10 in hand, we then
incubated them with InsP6 to determine their cleavage activity. Both SDS-
PAGE and LC-MS indicated that, though impaired the cleavage rate, L207I
gave pure product that exclusively cleaved at L234 (Fig. 3e, f). Meanwhile,
similar to Fusion 3, the replacement of ‘SVDA’ to a single ‘G’ didn’t con-
tribute to the cleavage (Fig. 3e, f). We also conducted a preliminary analysis
of the amino acids surrounding L234 by substituting A233 with Gly or Ser,
andmutatedA235 toHis, Lys, orGly (Fig. 3g and Supplementary Figs. 5, 6).
Cleavage evaluation results of the fusionswith eitherH235 orK235 revealed
thatA233 exhibited greater specificity thanG233. Additionally, the cleavage
process of G233 was slower compared to that of A233 (Supplementary
Fig. 5). However, as to fusions withG235, all gave complete and site-specific
cleavage at L234, yielding the expected Gly-NbHer2 (Supplementary Fig. 6).
All these data indicated a significant correlation between the InsP6-induced
cleavage capability and the amino acids surrounding L234.

Condition optimization of cleavage process induced by InsP6

Since that Fusion 9 gave the best site-specific cleavage, we further optimized
the reaction conditions induced by InsP6. First, we tested the reaction
temperatures at 4 °C, room temperature, and 37 °C. The SDS-PAGE ana-
lysis revealed the nearly complete consumption of Fusion 9 at r.t. or 37 °C,
indicating that higher temperature significantly accelerates the cleavage
process and increases the yield of Ala-NbHer2 (Fig. 4a). pH is another
important study point in our study. Considering that strong alkaline and
acidic conditions may affect protein stability, we preferred to conduct the
reaction in a near-neutral environment. And we found that pH values
ranging from 5.5 to 8.5 are suitable for the cleavage reaction (Fig. 4b). We
also tested the cleavage process in the presence of calcium, our results
suggested that no obvious influence on the cleavage efficiency was found
when the concentration of Ca2+ is less than 5mM, but the cleavage was
dramatically impaired at 10mM Ca2+ (Supplementary Fig. 7). Finally, we
explored the InsP6 concentration and identified 0.25–1mM as the optimal
concentration (Fig. 4c). Based on these inspired results, we proceeded to
purify the Ala-NbHer2 following the cleavage of Fusion 9. The SDS-PAGE

Fig. 2 | Investigating the feasibility of fusing CPD tag at the N-terminus of a POI.
a Structure of the CPD-POI fusion and CPD sequence. b SDS-PAGE analysis of the
expression levels of the fused NbHer2. CPD-(G4S)3-Nb

Her2: fusing the CPD tag to the
N-terminus of the NbHer2; NbHer2-CPD: fusing the CPD tag to the C-terminus of NbHer2.
c Peptide sequence of Fusion 1 and 2. SDS-PAGE (d) and LC-MS (e) analysis of the
InsP6-induced cleavage of the fusionproteins. Theproteinswere incubatedwith 100 μM

of InsP6 in 1 × PBS buffer at 4 °C for 16 h. FL, full length protein; A235-Nb
Her2 indicates

the expected product when hydrolyzed at amino acid L234; E215-Nb
Her2 indicates the

NbHer2-associated product after the hydrolysis at L214; A5-Nb
Her2 indicates the product

after hydrolysis at L4. * indicates a half or third molecular weight of the released
products.
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and LC-MS analysis confirmed the effective acquisition of Ala-NbHer2 with
high purity (Fig. 4d, e). Overall, these findings indicated that we successfully
identified a suitable N-terminal CPD tag.

Removal of N-terminal CPD to create proteins with the desired
N-terminal amino acid
Further, wemutatedA235, an amino acid before theNbHer2, of Fusion 9 into
19 other amino acid via site-directed mutagenesis to evaluate the uni-
versality of the screened N-terminal CPD. Though the residue changes of
nCPD-NbHer2 caused a change in mobility in some cases, all fusion proteins
were successfully expressed as full-length as determined by LC-MS (Fig. 5a,
b and Supplementary Figs. 8–27). We then assessed the cleavage capability
of these mutants to generate the desired POI with a distinct N-terminus.
After incubation with InsP6, all groups were detected by SDS-PAGE and
LC-MS. As illustrated in Fig. 5c, the fusion proteins with Ala, His, Lys, Cys,
Gly, Gln, Thr, Val, Ser, Tyr, Leu, Asn, and Arg showed remarkable cleavage
activity in yielding the NbHer2 with designed N-terminal amino acid.
However, the ones with Phe, Trp, Met, and Ile, performed poorly in
achieving the desiredproducts. And the Pro-NbHer2 could not be detected by

LC-MS (Supplementary Fig. 22). In addition, the engineered N-terminal
CPD tag acted to be compatible with either small size or alkalescent amino
acids, while the acidic residues like Asp and Glu resulted in alternative
cleavage sites (Fig. 5c and Supplementary Figs. 8–27). Consequently, our
strategy facilitates the systemic generation of POIs with diverseN-terminus,
serving as a valuable tool forN-terminalmodificationand function research.

With the above encouraging results, we then sought to apply our
strategy to other POIs featuring different N-terminus.We selected the anti-
RNF43 nanobody with Gln at N-terminus (N-Gln) and Δ15 Pd2,6ST, one
recombinant truncated enzyme with α2,6-trans-sialidase and α2,6-sialyl-
transferase activity, with Cys at N-terminus (N-Cys)40. According to the
SDS-PAGE, though the release of Gln-NbRNF43 needs at least 20 h’s incu-
bation, the release ofCys-Δ15Pd2,6STwas almost achievedwithin 8 h. Both
target proteins were efficiently obtained following incubation with InsP6,
demonstrating the broad applicability and practicality of the developed
approach (Fig. 5d, e).We also fused the engineered CPD to the N-terminus
of the EGFR-targeting nanobody (N-Ala), Sortase A enzyme (N-Gln), and
fluorescent protein TurboGFP (N-Glu), respectively. The SDS-PAGE and
LC-MS results indicated that the efficient hydrolysis at L234 in the fusions

Fig. 3 | Engineering N-terminal CPD to facilitate the desired cleavage site. a The
design of the N-terminus CPD engineering. b SDS-PAGE analysis of the InsP6-induced
cleavage efficacy of Fusion 2-6. Conditions: 200 μMof InsP6 in 50mMTris-HCl, pH 7.5,
37 °C, 3 h. SDS-PAGE (c) and LC-MS (d) analysis of the InsP6-induced cleavage of

Fusion 2, 5, 7, and 8, 16 h. SDS-PAGE (e) and LC-MS (f) analysis of the InsP6 induced
cleavage of Fusion 8, 9, and 10, 16 h. g SDS-PAGE analysis of Fusion 9mutants CPD-A/
GLH-NbHer2 orCPD-A/GLK-NbHer2, 8 h.Conditions forCPDcleavage: 1mMof InsP6 in
50mM Tris-HCl, pH 7.5, 37 °C. * indicates a half or third molecular weight of CPDs.
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successfully released these POIs with native N-terminus in the presence of
InsP6 (Fig. 5f–h).We also surprisingly found that, different from themodel
protein NbHer2, the tested protein TurboGFP with acidic N-terminal amino
acid could be achieved in high purity, either Asp or Glu (Fig. 5h and Sup-
plementary Fig. 28), indicating that D/E is also compatible with this system
with suitable POI. In conclusion, the successful application across various
POIs highlights the promising and potential of our strategy.

Mechanism study of the cleavage process of the
engineered nCPD
To investigate the potential cleavage mechanism of engineered CPD, we site-
mutated the catalytic residue Cys144 into Ala to eliminate the hydrolysis
activity of nCPD33, and generated nCPDC144A-Gly-NbHer2. As illustrated in
Fig. 6a, the nCPDC144A-Gly-NbHer2 kept intact in the presence of InsP6 (lane 1
vs. lane 3), indicating that C144A eliminates the hydrolysis activity of nCPD
successfully. However, the inactive nCPDC144A-Gly-NbHer2 could be cleaved
when co-incubated with the same amount of active nCPD-Gly-NbHer2 in the
presence of InsP6, yielding the fractured nCPDC144A (23952Da) and nCPD
(23984Da) (Fig. 6b, c). These results indicated the in trans processing of the
engineered nCPD. The SDS-PAGE showed nearly complete consumption of
nCPD-Gly-NbHer2 in 60min, while the mixed group of nCPDC144A-Gly-NbHer2

and nCPD-Gly-NbHer2 contained the full-length fusion proteins (Fig. 6a, lane
13 vs. 14). The slower cleavage rate of the mixed group may result from the
lower concentration, half of the nCPD-Gly-NbHer2 group, of active nCPD in
themixture. Deep analysis of the LC-MS profiles of themixed group revealed
that the ratio of released nCPDC144A and nCPD is 23.34: 100 at 5min time
point (Fig. 6b, zoom in part), while 58.82: 100 at 30min time point (Fig. 6c,
zoom in part), indicating that the cleavage of nCPD-Gly-NbHer2 is preferred
and the percentage of in trans cleavage product increased as timewent. Taken
together, these results indicated that, though in trans processing exists, the
cleavage process is inclined to an auto-processing over in trans processing.

We also turn to AlphaFold2 for the prediction of conformational
structures of the engineered CPD or the fusion proteins. We first predicted
structure of ‘nCPD-(G4S)3-VDALA’ from Fusion 9, and found that the
flexibleGS linker facilitates the accessibility of L234 to the catalytic center, in
which the catalytic site is labeled in red (Fig.6d). In contrast, in the reported
structure of native, processed CPD without GS linker (cyan, PDB ID:
3EEB)33, theN-terminus ismore accessible to the catalytic residue (red) than
C-terminus (Fig.6e). In addition, the highly overlap of the engineered and

reported CPD structures revealed a high score of prediction. Further, we
predicted the conformational structure of Fusion 9, which clearly illustrated
that the cleavage sequence ‘VDALA’ (green) is close to the catalytic residue
(red) of nCPD (Fig.6f), indicating the high possibility of auto-processing
approach of the fusion proteins with the engineered nCPD.

His-tagged nCPD enables one-step output of native target pro-
teins without tags
So far, we have successfully developed the nCPD for expression of target
proteins with desired N-terminal amino acid. However, all these tested
proteins are fusedwith a C-terminal His tag for purification. Now, wemove
forward to construct a nCPD system that could yield a native target protein
with desired N-terminus and without tag. To achieve this goal, we inserted
the His tag at the N-terminus or C-terminus of the nCPD, and constructed
fusion proteins His6/10-nCPD-GS-POI (Fusion 11a-b) and nCPD-His10-
GS-POI (Fusion 12), respectively (Fig. 7a). At the first attempt, we fused the
His-tagged nCPD with protein Δ15 Pd2,6ST, and the fusion protein was
expressed and absorbed to the Ni-NTA resin, which was successively
washed byPBS, 10mMand25mMof imidazole.Thereafter, 1 mMof InsP6
in 50mM Tris-HCl (pH 7.5) was added and the mixture was incubated at
room temperature for 12 h and then at 37 °C for 4 h for hydrolysis.
According to the SDS-PAGE analysis, an unexpected band with a higher
molecular weight than target protein Δ15 Pd2,6ST was found in the fusion
proteins with N-terminal His-tagged nCPD, either Fusion 11a (Fig. 7b) or
11b (Fig. 7c). However, the Fusion 12 with nCPD-His10 showed acceptable
purity of the target protein Δ15 Pd2,6ST after InsP6-induced cleavage
(Fig. 7d, e). Further, we fused the nCPD-His10 with TurboGFP and NbHer2

carrying a GGG at N-terminus, respectively. Both SDS-PAGE and LC-MS
analysis indicated the excellent performance of the nCPD-His10 in yielding
the tag-free target proteins with desired N-terminal amino acid (Fig. 7f, g).

Conclusion
The development of biological tags significantly enhances the expression of
recombination protein either in mammalian cells or in E. coli system.
However, the additional tag may challenge the target proteins, prompting
the need for effective removal of extra tags post-expression. In this study, we
introduced an engineeredCPD tag at theN-terminal of the target protein, a
well-known self-cleavage tag to promote the protein expression and solu-
bility that can be activated by InsP6, and investigated the potential

Fig. 4 | Reaction optimization and the purification of NbHer2 with a designed Ala
at the N-terminus. The SDS-PAGE analysis of the cleavage activity of Fusion 9 under
different temperatures (a), pH (b), and InsP6 concentration (c). SDS-PAGE (d) and LC-

MS (e) analysis of thepurifiedA-NbHer2 after cleavage of Fusion9 inducedby InsP6. Lane
1:Marker; Lane 2: A-NbHer2 after purification; Lane 3: reaction system of InsP6-induced
cleavage of Fusion 9. The above reactions were performed in 50mM Tris-HCl.
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Fig. 5 | Removal of N-terminal CPD to create POI with the desired amino acid.
a Schematic representation of the InsP6-induced cleavage process of the nCPD
fusion proteins. b SDS-PAGE profiles of all expressed nCPD-Xaa-NbHer2. c SDS-
PAGE analysis of Xaa-POI from InsP6-induced cleavage of nCPD-Xaa-Nb

Her2, 20 h.

SDS-PAGE and LC-MS determination of the InsP6-induced cleavage process of all
nCPD-POIs: NbRNF43 with N-Gln (d), Δ15Pd2,6ST with N-Cys (e), NbEGFR with
N-Ala (f), Sortase A with N-Gln (g), TurboGFP with N-Glu (h). All reactions were
conducted under 1 mM InsP6 in 50 mM Tris-HCl, pH 7.5 at 37 °C.
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applications in achieving the target proteins with the desired N-terminal
amino acid. After several attempts in engineering the CPD tag, we found
that L207 and L214 of CPD are two alternative cleavage sites when CPD is
fused to theN-terminus,which tells us the existence of in trans processing of
the CPD.We also found thatmutating L207 into L207A resulted in the total
loss of cleavage activity. According to the reported conformational structure
of CPD (PDB ID: 3EEB)33, L207 is in the InsP6-binding pocket and is
essential to the activation of CPD for cleavage, which may explain why the
inactive cleavage of L207Amutant. To decrease the interference from L207
and keep the cleavage activity of nCPD in the meantime, L207I is supposed
to be a feasible alternative. The dual-mutation of the N-fused CPD with
L207I/L214A efficiently avoided the undesired cleavage and in-depth stu-
dies confirmed the practicality of this strategy in yielding the proteins with
the designed N-terminal amino acid. The applications of model protein
NbHer2 demonstrated that the protein with N-terminal Pro shows limited
cleavage efficiency, and Trp gives undesired cleavage. Additionally, we
found that the acidic amino acids of NbHer2 N-terminus, Asp and Glu,
besides the designed site, contributed to the alternative cleavage at L4 of
NbHer2 as well. However, this phenomenon was not found in another tested
POI, TurboGFP, with either Asp or Glu at the N-terminus, suggesting to us
that various POIsmay exhibit different cleavage behavior. Furthermutation
of Cys144, a key catalytic residue, intoAla deprived the hydrolytic activity of
nCPD. The fusion proteins with nCPDC144A, however, could be cleaved by

incubating with the one with active nCPD, indicating the existence of in
trans processing. Meanwhile, we surprisingly found that the native nCPD,
rather than nCPDC144A, is the predominant component of the released
nCPD at the beginning, and the percentage of nCPDC144A increases as time
extends, which demonstrates the possibility of the auto-processing of nCPD
from fusion proteins with a proper GS linker. These results were further
confirmed by conformation prediction of the engineered nCPD by
AlphaFold2, which suggests that the cleavage site ‘ALA’ coincidentally
locates in the catalytic center of the engineered nCPD, maybe a result
resulted from the flexible GS linker. In the last part, we moved the His tag
from the POI’s C-terminus to the nCPD fragment, either at the N-terminus
orC-terminus of nCPD, and successfully developeda one-step approach for
the purification of a POI with the desired amino acid and without any tag.
Overall, we suppose that this approach could customize diverse N-terminal
amino acids and introduce functional amino acid, which advances the
research on N-terminal modification and functionalization.

Materials and methods
Materials
All designed primers and DH5α cells were ordered from Tsingke Biotech
Co., Ltd (Beijing, China). The PfuDNApolymerase and other general PCR-
related reagentswere fromTransGenBiotechCo., Ltd. (Beijing,China). The
Dpn I enzyme, Seamless Cloning kit, DNA Gel extraction kit and Ni-NTA

Fig. 6 | Investigation of InsP6-induced cleavage process of the engineered nCPD.
SDS-PAGE (a) and LC-MS (b, c) analysis of nCPDC144A-G-NbHer2 and nCPD-G-
NbHer2 co-incubated with 1 mM of InsP6 in 50 mM Tris-HCl at 37 °C. b 5 min;

c 30 min. d The predicted structure of nCPD-(G4S)3-VDALA. e The overlapped
structure of nCPD-(G4S)3-VDALA and reported CPD (PDB ID: 3EEB). f The
predicted structure of nCPD-(G4S)3-VDALA-Nb

Her2-His6.
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Sepharose 6FF (His-Tag) were bought from Sangon Biotech Co., Ltd.
(Shanghai, China). DNA extraction kit was obtained fromVazyme Biotech
Co., Ltd. (Nanjing,China). ProteinMarker andBL21 cellswere fromYeasen
Biotechnology Co., Ltd. (Shanghai, China). InsP6 was obtained from
Shanghai Haohong Scientific Co., Ltd (Shanghai, China). Amicon cen-
trifugal ultrafiltration devices were obtained from Merck-Millipore (Ger-
many). The pET22b-CPDSalI vector was from Addgene16 (Addgene
plasmid # 38251; http://n2t.net/addgene:38251; RRID: Addgene_38251).

High performance liquid chromatography and high-resolution
mass spectroscopy (HPLC-HRMS)
Themass spectra of proteins were recorded under the extendedmass range
mode (high 20,000m/z, 1 GHz) and the data were collected in the mass
range of 500–2500. Key source parameters: Cone gas 50 L/h; desolvation gas
800 L/h; source temperature of 120 °C; desolvation temperature of 600 °C;
capillary voltage of 3000 V; collision cell RF offset of 600 volts; collision cell
RF gain of 0.

Plasmid construction
To construct CPD-NbHer2-His6, two independent PCR assays were con-
ducted to acquire pET26b-Her2 nanobody-His6 with homologous arm and

the CPD fragment with SalI and XhoI sites was cloned from plasmid con-
tains pET22b-CPDSalI vector16,38. Then assembled two fragments via
seamless cloning kit after Gel extraction and subsequently digested byDpnI
enzyme. Finally, the recombinationplasmidwas transfected intoDH5α cells
and the several single colonies were picked out for DNA sequencing after
cultivation at 37 °C (Tsingke Biotech Co., Ltd).

Site-directed mutagenesis PCR were performed to generate specific
plasmids using the designed primers. The generated PCR product was
respectivelydigestedand transfected intoDH5α cells.Thenpicked the single
colonies out for amplification at the next day and sent for sequencing.

General procedure for protein expression and purification
The correct plasmids identified via DNA sequencing were transfected into
BL21 cells. After incubation overnight at 37 °C, the single colonies were
inoculated into 5mL of LB medium with 100 μg/mL ampicillin, and were
cultured at 37 °C with 200–220 r/min. Next day, the cloudy bacterial fluid
was transferred into appropriate volume of LB medium, and was con-
tinuously cultivated until the OD600 was about 0.8. Then, 1 mM IPTG and
10% glycerol were added to induce protein expression. The medium was
shaken at lower speed overnight at 18 °C. Thereafter, the cells were har-
vested by centrifugation and kept at −80 °C.

Fig. 7 | Development of the His-tagged nCPD for one-step output of tag-free
target proteins with desired N-terminus. a The construction of Fusion 11a-b and
Fusion 12 with His-tagged nCPD. b SDS-PAGE analysis of one-step output effi-
ciency of His6-nCPD-GS-Δ15 Pd2,6ST; S, supernatant; P, precipitate. c SDS-PAGE
analysis of one-step output efficiency of His10-nCPD-GS-Δ15 Pd2,6ST. d SDS-

PAGE analysis of one-step output efficiency of nCPD-His10-GS-Δ15 Pd2,6ST.
e SDS-PAGE profile of the outputted tag-free Δ15 Pd2,6ST from the cleavage of
nCPD-His10-GS-Δ15 Pd2,6ST. f The outputted tag-free TurboGFP. g The out-
putted tag-free G3-Nb

Her2. Reaction conditions: 1 mM of InsP6 in 50 mM Tris-HCl,
pH7.5 at r.t. or 37 °C.
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For protein purification, the harvested cells were resuspended in
1 × PBS and were sonicated. The supernatant was collected after cen-
trifugation and was further incubated with 1–2mL of Ni-NTA resin for
2 h at 4 °C. Then, the mixture was successively eluted with 10mM,
25mM, 50mM, 100mM and 250mM imidazole. Next, the SDS-PAGE
analysis was conducted to identify which elution contains target protein.
The fractions containing product were collected, ultrafiltrated and con-
centrated via 10 kDa or 30 kDa MWCO Amicon devices. After
exchanged the imidazole to PBS buffer, the obtained protein was stored
at −20 °C.

General procedure for nCPD tag removal of various engineered
nCPD-POI
The fusion protein (2mg/mL) was incubated with InsP6 (1mM) in a Tris-
HCl buffer (50mM, pH 7.5) at 37 °C. An aliquot of 2.0 μg was taken out for
SDS-PAGE at the defined intervals. And 4.0 μg of protein was used for LC-
MSdetermination.Note: in the hydrolysis of Fusion 1 andFusion 2, 1 × PBS
buffer was used for the cleavage.

General procedure to purify Xaa-POI
The fusion protein (2mg/mL) was incubated with InsP6 (1mM) in a
Tris-HCl buffer (50 mM, pH 7.5) at 37 °C. Once the SDS-PAGE and LC-
MS analysis indicated the completion of the cleavage reaction, the
Ni-NTA resin was added into the solution and incubated at 4 °C for 2 h.
Then, 10mM and 25mM imidazole were successively used to wash
the cleaved nCPD fragment. Next, higher concentration imidazole
solutions were added to elute the Xaa-POI. The fractions containing
product were collected, ultrafiltrated and concentrated by MWCO
Amicon devices.

nCPD removal of the nCPD-NbRNF43, nCPD-Δ15 Pd2,6ST, nCPD-
NbEGFR, nCPD-Sortase A and nCPD-TurboGFP to generate
NbRNF43, Δ15 Pd2,6ST, NbEGFR, Sortase A and TurboGFP with
desired N-terminus
The recombinant nCPD-POIswere constructed and expressed according to
the above-mentioned protocols. Then, the fusion proteins (40 μg) were
respectively incubated with InsP6 (1mM) at 37 °C in 20 μL of 50mMTris-
HCl, pH 7.5. All reactions were monitored by SDS-PAGE and LC-MS
analysis at the specified intervals to detect the product.

General procedure for one-step output of native target proteins
without tags
His6/10-nCPD-GS-POI and nCPD-His10-GS-POI were respectively con-
structed via the above-mentioned protocols, and all expressed by E. coli
expression system. The expressed cells were collected and sonicated, then
the supernatant were separated by centrifugation. The Ni-NTA resin was
mixed with the supernatant and co-incubated at 4 °C more than 2 h. Next,
the Ni-NTA-supernatant mixture were loaded in the empty affinity chro-
matography column, the flow through solution collected and re-loaded in
the column. Then, the PBS buffer, and imidazole at a low concentration like
10mM, 25mM or 50mMwas successively added to wash the non-specific
protein attached to resin. Subsequently, 50mM Tris-HCl buffer at pH 7.5
was added in the column to replace the imidazole, and the buffer contains
1mM InsP6 was supplemented to induce the cleavage. After induced at
room temperature for 12 h and incubated at 37 °C for another 4 h, collected
the flow through solution. The PBS buffer was added to wash the tag-free
POIs in the column. Finally, the imidazole at high concentrationwas used to
elute the resin.

Structure prediction
The 3D structures of proteins were predicted by Swiss-Model (https://
swissmodel.expasy.org), or ColabFold41 (https://colab.research.google.com/
github/sokrypton/ColabFold/blob/main/AlphaFold2.ipynb) based on
AlphaFold2.

Reporting summary
Further information on research design is available in the Nature Portfolio
Reporting Summary linked to this article.

Data availability
The data supporting the findings of this study are available within the main
text and the Supplementary Information. The relevant sequences and LC-
MS profiles are provided in the Supplementary Information file. The
uncropped gel images are available in the Supplementary Informa-
tion Fig. 29.
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