Communication

Salt-inducible Protein Splicing in cis and
trans by Inteins from Extremely Halophlllc

Annika Ciragan, A. Sesilja Aranko, Igor Tascon and Hideo lwai

Research Program in Structural Biology and Biophysics, Institute of Biotechnology, University of Helsinki, P.O. Box 65, Helsinki,
FI-00014, Finland

Correspondence to Hideo Iwai: hideo.iwai @ helsinki.fi
http://dx.doi.org/10.1016/j.jmb.2016.10.006
Edited by S. Koide

Abstract

Intervening protein sequences (inteins) from extremely halophilic haloarchaea can be inactive under low
salinity but could be activated by increasing the salt content to a specific concentration for each intein. The
halo-obligatory inteins confer high solubility under both low and high salinity conditions. We showed the broad
utility of salt-dependent protein splicing in cis and trans by demonstrating backbone cyclization, self-cleavage
for purification, and scarless protein ligation for segmental isotopic labeling. Artificially split MCM2 intein
derived from Halorhabdus utahensis remained highly soluble and was capable of protein trans-splicing with
excellent ligation kinetics by reassembly under high salinity conditions. Importantly, the MCM2 intein has the
active site residue of Ser at the +1 position, which remains in the ligated product, instead of Cys as found in
many other efficient split inteins. Since Ser is more abundant than Cys in proteins, the novel split intein could
widen the applications of segmental labeling in protein NMR spectroscopy and traceless protein ligation by
exploiting a Ser residue in the native sequences as the +1 position of the MCM2 intein. The split
halo-obligatory intein was successfully used to demonstrate the utility in NMR investigation of intact proteins

by producing segmentally isotope-labeled intact TonB protein from Helicobacter pylori.

© 2016 Elsevier Ltd. All rights reserved.

Introduction

Halophiles thrive under high salinity conditions by
deploying various approaches to counter the in-
creased osmotic pressure caused by high salinity
[1]. Halo-adaptation of halophilic proteins at the
molecular level is a fascinating research topic [2,3].
Inteins catalyzing protein splicing are prevalent in
halophilic organisms [4,5]. Protein splicing catalyzed
by inteins is a post-translational auto-processing
modification in which an intervening sequence
(intein) excises itself from the host precursor protein,
simultaneously ligating the two flanking sequences
(exteins) with a peptide bond (Fig. 1a) [6,7]. This
process is self-catalytic, requiring neither additional
co-factors nor energy, and has become an important
protein-engineering tool. A number of inteins have
been identified in extremely halophilic archaea, and
some of them have been reported to be inactive in
Escherichia coli [5,8]. There has been growing
interest in controlling protein splicing using small
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molecules, temperature, lights, redox potential, and
domain swapping to activate the host protein
functions for developing new biotechnological appli-
cations (Fig. 1b) [9-13]. Conditional protein splicing
(CPS) allows us, for example, to have spatial and
temporal control of the host proteins of inteins [14].
Protein-fragment complementation by split inteins
has been a powerful tool for both in vivo protein
engineering and in vitro protein ligation, because
split inteins can ligate polypeptide chains via protein
trans-splicing (PTS) (Fig. 1c) [15-17]. Therefore,
there have been many attempts to identify novel split
inteins with different lengths and robust splicing
activity for various in vivo and in vitro applications
[18-23]. However, artificially splitting inteins to
create robust split inteins has not been very
successful, because splitting a folded protein into
two pieces makes them less soluble due to the
increase in exposed hydrophobic area caused by
disrupting the three-dimensional structure [24,25].
Introducing a split site too close to the termini could
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Salt-inducible Protein Splicing in cis and trans
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Fig. 1. Protein splicing in cis and trans. (a) Protein
splicing ligates the flanking sequences between the -1
and +1 positions at the splicing junctions, concomitantly
excising out the intein after protein translation and folding.
(b) CPS in cis. Intein is unfolded or inactive before the
induction of protein splicing by, for example, light, pH,
small molecule ligand, salts, redox potential, or tempera-
ture. (c) Protein ligation by protein trans-splicing (PTS)
uses split intein fragments (Inty and Intg) fused with the
target fragments (exteins).

also induce partial splicing activity, resulting in
premature cleavages [19,26]. The most widely
used split inteins for biotechnological applications
have been naturally occurring split inteins found in
cyanobacteria [18,23,27].

Here, we report salt-inducible protein splicing in cis
and trans using inteins from extreme halophilic
archaea that are inactive under low salinity but can
be activated under high salinity as a novel CPS
system for backbone cyclization, protein purification,
and scarless protein ligation for segmental isotopic
labeling of an intact protein. We designed a novel,
highly efficient split MCM2 intein from Halorhabdus
utahensis for PTS and demonstrated its practical
utility for segmental isotopic labeling of intact TonB
protein from Helicobacter pylori by highlighting the
importance of segmental isotopic labeling with the
native sequence for NMR investigation.

Results

To expand the practical applications of protein
ligation using PTS, it has been critical to identify robust
split inteins with better ligation efficiency and wider

substrate specificity (various junction sequences),
such as the naturally occurring split DnaE intein found
in Nostoc punctiforme (NpuDnaE intein) [18,20-22].
Inteins are unique enzymes having only a single
turnover because substrates (exteins) are covalently
bound to the enzyme (intein). We previously reported
the comparison of protein-splicing activity among
relatively small inteins from various organisms to
identify promiscuous inteins bearing different junction
sequences with high splicing efficiencies [28]. We
noticed that some inteins did not spontaneously splice
when they were overexpressed in E. coli using a
model system of the B1 domain of IgG binding protein
G (GB1) as the flanking exteins (Fig. 2a) [28]. Among
them, two inteins from Halobacterium salinarum
NRC-1 (ATCC 700922), HsaPolll and HsaCDC21
inteins, caught our attention. H. salinarum NRC-1 has
an optimal growth at 4.3 M NaCl and an intercellular
potassium concentration of 4.6 M and produces
intein-less mature host proteins where inteins are
inserted [8,28]. We therefore tested protein-splicing
activities in the presence of 4 M NaCl (Fig. 2b). Both
Hsa inteins could produce the expected spliced
product in vitro only at a high salt concentration,
suggesting that the solution condition is responsible
for protein splicing rather than the host protein
contexts, namely the substrate (junction sequences)
specificity of the inteins (Fig. 2b and c). Cis-splicing of
these inteins under high salinity condition has also
been recently reported [8,29]. The required high
salt concentration indicates that these inteins from
extreme halophilic archaea are strictly halophilic
(or halo-obligatory) instead of halo-tolerant (Fig. 2b
and c). This observation prompted us to screen other
inteins from different halophilic organisms in order to
identify inteins that would be useful for protein ligation,
with robust splicing activity and less side-products
by cleavages, because both Hsa inteins produced
higher amounts of cleaved products than the spliced
product (Fig. 2b and c). We discovered that the MCM2
intein from H. utahensis (HUtMCMZ2 intein) possesses
better protein expression and splicing activity in the
presence of high salt concentrations than Hsa inteins
(Fig. 2b). Notably, the HutMCM2 intein could be
activated at a lower concentration of NaCl without
it producing notable quantities of side-products using
a model system (Fig. 2c and Supplementary Figs. 1
and 2).

Protein purification by salt-induced cleavage

Canonical protein-splicing reaction involves the
four concerted reaction steps of (1) N-S(O) acyl
shift, (2) transesterification, (3) Asn cyclization, and
(4) S(O)-N acyl shift [30]. A mutation of Asn to Ala at
the last residue of the inteins has been introduced to
create self-cleavable affinity tags for efficient protein
purification by halting the protein-splicing reaction
after the first step of N-S acyl shift, thereby making
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Fig. 2. Salt-dependent CPS. (a) Salt induction of protein cis-splicing using GB1 as exteins. (b) Protein cis-splicing of
three inteins from extreme halophilic archaea. The samples were taken immediately after induction with 4 M NaCl (0 h)
and after overnight incubation (O.N.) and were analyzed by SDS-PAGE. Grey and black arrows indicate the precursor and
spliced product, respectively. (c) Cis-splicing efficiency versus NaCl concentrations for the HutMCM2 intein (solid line) and
the HsaCDC21 intein (dotted line). The mean values (filled circles and squares) and errors were obtained from triplicated

measurements.

the intermediate thioester susceptible to cleavage
by reducing agents such as DTT or by hydrolysis
(Fig. 3a) [31]. This self-cleavable affinity tag system
has been commercially available as IMPACT™
system (New England Biolabs) [31]. However, pre-
mature cleavages without any cleaving agents due to
hydrolysis of the thioester intermediate have been
observed, depending on the chemical stability of
thioester intermediate [32,33]. This suggests that the
three-dimensional structure of the intein is sufficient to
promote the first step of N-S acyl shift. The
halo-obligatory HutMCM2 intein is inactive under low
salinity conditions due to unfolded conformation as
observed by NMR spectroscopy (data not shown).
Therefore, it is implausible that the unstructured
halophilic intein could induce the first step of N-S

migration under low salinity conditions, thereby
preventing premature cleavages frequently observed
for other inteins. To verify this hypothesis, we
introduced two Ala mutations at the last residue and
atthe + 1 position of HutMCMZ2 intein and a C-terminal
purification tag (octa-histidine tag) in the fusion protein
(Fig. 3a). The fusion protein could be easily purified
with the C-terminal His-tag without any premature
cleavages. The self-cleavage of the fusion protein
was then induced by the addition of a high concen-
tration of NaCl (Fig. 3b). The intein tag bearing the
C-terminal His-tag could be subsequently removed by
an additional purification step using immobilized metal
chelating (IMAC) chromatography (Fig. 3b). This
result confirms that the variant of a halo-obligatory
intein bearing the mutations at the C-terminal junction
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can be used as a novel intein-mediated protein puri-
fication system exploiting the salt-induced cleavage.
Importantly, the salt-controlled structure formation
of halo-obligatory inteins can circumvent any prema-
ture cleavages without the optimization of protein
expression conditions, for example, the expression
temperature [31-33]. Despite the lower cleavage
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efficiency, increasing salt concentration without any
reducing agents was sufficient to cleave the fusion
protein (Fig. 3c). This cleavage system might be
beneficial to proteins containing disulfide bonds.

Salt-induced protein cyclization

The next question was whether we could develop
a split intein system from a halo-obligatory intein for
salt-inducible protein ligation by PTS. First, we
tested in vitro protein cyclization by using a split
halo-obligatory intein because it is a simpler intra-
molecular splicing reaction. As reported previously,
we created a fusion protein by introducing a circular
permutation of an intein-containing precursor bear-
ing green fluorescent protein (GFP) as the target
protein (Fig. 4) [34]. Backbone cyclization has been
shown to increase the stabilities of peptides and
proteins without any changes in the primary structure
when both the N- and C-termini are structurally in
close proximity [35,36,38]. However, intein-mediated
protein cyclization using a split intein spontaneously
produces a circular protein already within the E. coli
cells [34,36]. Therefore, a purification tag needs to
be incorporated in the target protein/peptide for the
convenient purification. Such a purification tag might
not be always desirable or possible to incorporate
e.g., for smaller proteins and peptides. Inducible
protein/peptide cyclization would be able to facilitate
the purification step of circular proteins/peptides by
implementing a purification tag only in the precursor
but not in the target (Fig. 4). Backbone cyclization
can be induced in vitro by salt induction after the
purification step of the precursor fusion protein
(Fig. 4a). For salt-inducible backbone cyclization,

Fig. 3. Protein purification by salt-induced self-cleavage.
(a) Cleavage reaction by salt-inducible self-cleavage using
HutMCM2 intein with the double mutations of Ala at the last
residue and at the +1 position of the intein; Step 1,
Salt-induced protein folding; Step 2, N-S acyl shift by the
folded intein fragment; Step 3, Hydrolysis by hydroxyl or thiol
reagents; Step 4, Elution of the cleaved product. (b)
SDS-PAGE analysis of the expression and purification
steps. Lane M, molecular marker; lane 0, total cell lysate
before protein induction; lane 2, 2 h after induction; lane S,
supernatant after centrifugation of cell lysate; lane E, elution
from Ni-NTA column; lane C, afterinduced cleavage by NaCl
incubation. Right panel: SDS-PAGE analysis of second
purification step using the Ni-NTA column to remove the
intein tag and unreacted fusion protein. Lane M, molecular
marker; lane Sup, reaction mixture before loading; lane FT,
flow-through fraction from the Ni-NTA column. (c)
SDS-PAGE analysis of the protein expression, purification,
and cleavage. Lane M, molecular marker; lane 0, total cell
lysate before protein induction; lane 4, 4 h after induction;
lane E, elution from the Ni-NTA column; lane -, cleavage in
4 M NaCl without any reducing agent; lane TCEP, cleavage
in 4 M NaCl with 0.5 mM TCEP; lane DTT, cleavage in4 M
NaCl with 1 mM DTT.



Salt-inducible Protein Splicing in cis and trans

4577

we tested HsaCDC21 intein that was split after
residue 120 and fused with GFP because the
intramolecular reaction can be less prone to side
reactions (Fig. 4a). The split site was selected
because the site corresponds to the naturally split
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site of the NpuDnaE intein as predicted from the
sequence alignment [25]. The full-length precursor
protein was purified without any in vivo cyclization
reaction from E. coli using a His-tag at the
N-terminus of the precursor protein. Backbone
cyclization using the precursor protein was then
induced in vitro by addition of a final concentration of
3.5 M NaCl. Figure 4b shows the salt-induced in vitro
backbone cyclization of GFP bearing a thrombin
cleavage site. Interestingly, only circular GFP was
produced by the salt induction, judging from the
SDS-PAGE analysis. The circular form was relinear-
ized by the digestion of the GFP using thrombin to
confirm the cyclization, which migrated slower than
the circular form as previously reported (Fig. 4b and
c) [34]. This result demonstrated the feasibility of
backbone cyclization of proteins/peptides by salt
induction using halo-obligatory split inteins.

Salt-induced protein ligation by PTS

Encouraged by the result from backbone cycliza-
tion, we next tested bimolecular protein ligation by
salt-inducible PTS using the HutMCM2 intein. This
intein was split into two halves after residue 117,
similar to HsaCDC21 intein [25]. Each of the split
halves was fused with a GB1 domain as an extein for
testing PTS (Fig. 5a). Trans-splicing kinetics of the
artificially split HutMCM2 intein was 4.5 + 0.6 x 107
(s™") for the model system of GB1s, with one
N-terminal and three C-terminal native junction
sequences (“R” and “SED”, respectively) including
Ser atthe +1 position (Fig. 5a). This ligation kinetics of
the split HutMCM2 intein is as good as that of the
well-characterized robust split NpuDnaE intein with
the same model system of GB1, even though
NpuDnaE has more nucleophilic Cys than Ser at the
+1 position [18,19]. Because the + 1 position of inteins
will remain in the ligated product, the + 1 residue often
results as a scar in the ligated protein by PTS. Since
Ser is more abundant than Cys, HutMCM2 intein
having Ser at the +1 position can be widely used for
various applications by exploiting Ser residues in
intact proteins. Moreover, the split HutMCM2 intein
was more soluble than the widely used NpuDnaE and

Fig. 4. Protein cyclization by salt-inducible protein
splicing using HsaCDC21 intein. (a) Schematic drawing of
protein cyclization by inducible protein splicing. The inverse
triangle indicates a specific cleavage site of thrombin used
for the backbone linearization. (b) Time course of cyclization
of GFP in the presence of 3.5 M NaCl. Lanes 0, 1, 2, and 3
indicate 0 h, 1 h, 3 h, and 19 h after the salt-induction,
respectively. Grey and black arrows indicate the precursor
and cyclized product, respectively. (c) Linearization of
circular GFP by thrombin digestion. Thr- and Thr+ indicate
without or with thrombin digestion, respectively. Black and
grey arrows indicate circular and linear GFP, respectively.
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SspDnaE inteins when they were fused with an
identical extein (Fig. 5b and Supplementary Fig. 3a).
This is presumably because of the high solubility of
strictly halophilic inteins as observed for other
halophilic proteins [37,39]. Salt-inducible split inteins
derived from halo-obligatory inteins could thus over-
come the solubility issues of many artificially split
inteins, which have been used for applications
including segmental isotopic labeling [40].

Scarless segmental isotopic labeling of TonB
from H. pylori

To demonstrate the practicality of salt-inducible
inteins, we used salt-induced in vitro protein ligation
for segmental isotopic labeling. We chose the TonB
protein from H. pylori (HpTonB) for protein ligation,
which was conducted using a split HutMCM2 intein
system. TonB protein is a membrane-anchored protein
essential for TonB-dependent outer membrane trans-
porters, consisting of a transmembrane (TM) region,
a Pro-rich region, and a C-terminal domain (CTD)
(Fig. 6a) [41-43]. The dissected CTDs of TonB

-...4. -—.-‘H -GB1-Int,

Fig. 5. PTS using the halo-
obligatory split HutMCM2 intein. (a)
In vitro protein ligation by inducible
PTS using a model system of GB1.
Lane 0, before salt-induction; lanes 1,
2, 3, 4, 5, and 6 indicate samples
taken 10 min, 30 min, 1 h, 2 h, 3 h,
and 6 h after the 4 M NaCl induction,
respectively. (b) Comparison of the
soluble and insoluble fractions of the
N-terminal precursor (Inty fused with
the identical N-extein of GB1). Inty
was from HutMICM2 (HutMCM2xc65),
NpuDnaE, or SspDnakE inteins. M, P,
and S stand for marker, pellet, and
supernatant, respectively.

proteins have a well-folded globular domain. However,
significant structural differences in the
three-dimensional structures of E. coli CTD have
been reported for differently dissected CTDs with
various lengths [41-43]. Therefore, the
three-dimensional structure of the CTD of the TonB
protein in the full-length context could shed light on
how intact TonB protein functions. The Pro-rich region
is highly flexible as evidenced by severe NMR signal
overlaps, which could hinder the structural character-
ization of the full-length HpTonB in detail by both NMR
spectroscopy and crystallography (see below).
HpTonB was split between the Pro-rich region and
the CTD (after residue 154) in order to use Ser155
residue as the + 1 position of HutMCMZ2 intein and was
fused with two halves of a split HutMICM2 intein to
create N- and C-terminal precursors (Fig. 6b and c).
For the N-terminal precursor, the N-terminal fragment
containing the Pro-rich region (residues 36-154) of
HpTonB was fused with the N-terminal fragment
(residues 1-117) of HutMICM2 intein (HUtMCMacgo)
together with the C-terminal octa-histidine tag (Fig. 6b
and c). For the C-terminal precursor, CTD (residues

Fig. 6. (a) Primary structure and domains of HpTonB. TM region is highlighted in grey. Pro-rich region and CTD are
indicated by closed rectangles and broken rectangles in grey, respectively. (b) Sequence alignment of the junction regions of
HpTonB, two precursors, and the expected ligation product. The split site used for segmental labeling is indicated by “/".
(c) Procedure for protein ligation of HpTonB using inducible PTS for segmental isotopic labeling. Residue numbers of HpTonB
are shown on the top. (d) Protein ligation of HpTonB using split HutMCM2 intein with Arg at the —1 position. Lane N, purified
N-terminal precursor before mixing; lane C, purified C-terminal precursor before mixing; lane 0 h, immediately after mixing the
N-and C-terminal precursorsin 3.5 M NaCl; lane 16 h -, after 16-h dialysisin0 M NaCl; lane 16 h +, after 16-h dialysisin3.5 M
NaCl; lane 22 h -, after 22-h dialysis in 0 M NaCl; lane 22 h +, after 22-h dialysisin 3.5 M NaCl; lane 39 h -, after 39-h dialysis in
0 M NaCl; lane 39 h +, after 39-h in 3.5 M NaCl; lane LP, the ligation product after the IMAC purification.
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155-285) of HpTonB was fused with the C-terminal
fragment (residues 145-186) of HutMCM2 intein
(HUutMICM2¢45) together with the N-terminal hexahisti-

(a)

1
MKISPSPRKL
41

SKVSTSVSFL

dine tag for "*N-labeling (Fig. 6b and c). Both N- and
C-terminal precursors were cloned in the expression
vectors under the control of a T7 promoter and were

™ 16
ISFALYAIGF GYFLLREDAP

EPLAQAGTTK VTMSLASINT NSNTKTNAES AKPKEEPKEK'
81 Pro-rich

|PKKEEPKKEE PKKEVTKPKP

KPKPKPKPKP KPKPEPKPEﬂ

121

155

IKPEPKPEPKV EEVKKEEPKE

EPKKEEAKEE AKEK|SAPKQV

161
TTKDIVKEKD

201

KQEESNKTSE

(b)

GATSEAQAYN PGVSNEFLMK

HpTonB (target)
N-precursor
C-precursor

Ligated product

(c)

N-precursor
36 154

--EEPKEEPKKEEAKEEAKEK/ 155A5PKQ— - (CTD)
--EEPKEEPKKEEAKEEAKEK/CVT-- (HutMCM2,, .- Hy)
-- (HutMCM2_,, ) —--VVHN/SAPKQ-- (CTD)
--EEPKEEPKKEEAKEEAKEK/ SAPKQ-~- (CTD)

Hg

Hg
I Pro-rich I—IHurIVICMZACGQ<

C-precursor

155 285

e Ve i

(d)

kbDa M N C Oh
45 -. (e T,

35 =

25 - PP s - -

18.4 **

NaCl Hs
Mix —_—

Induced

<TMCV,]
Pro-rich I—((:TD)

IMAC Purification *

154 185 285

| Pro-rich I—CCTD)

16h 22h 39h
-+ - + - + LP

N-precursor
—-— - - Product
—

C-precursor

Fig. 6 (legend on previous page)



4580

Salt-inducible Protein Splicing in cis and trans

expressed in E. coli. The precursors were individually
purified by IMAC without any solubilization steps (Fig.
6¢c and Supplementary Fig. 3b). The two purified
precursors in phosphate-buffered saline (PBS) were
mixed at a final concentration of ~0.1 mM in a total
volume of 4.5 mL. The solution mixture was dialyzed
against 1 L of 3.5 M NaCl, 0.5 M NaPi, and 0.5 mM
tris(2-carboxyethyl)phosphine (TCEP) at pH 7.0 for 1
to 2 days at room temperature, followed by a buffer
exchange to PBS buffer before further purification. The
ligated product was further purified by another round of
IMAC because all of the unreacted precursors and
excised split intein fragments remained tagged with
poly-histidine tags and could be efficiently removed.
The flow-through fractions from IMAC were collected
and analyzed by SDS-PAGE (Fig. 6d). Typically, the
ligated HpTonB(36—-285) with >95% purity (~3 mg of
the ligated product from 0.5 L of each cell culture) was
obtained after 1 to 2 days of dialysis. The segmentally
labeled sample was also confirmed by mass spec-
trometry (Supplementary Fig. 4). The ligation efficiency
was estimated to be ~30% after a 1-day dialysis for
HpTonB with the native sequence (Lys at residue 154).
The ligation efficiency was better (>~ 80% after a 2-day
dialysis) when the native — 1 residue (Arg) of HutMCM2
intein was used instead of Lys at the —1 position
(residue 154 in HpTonB). The lower efficiency and
slower kinetics compared to the model system suggest
that both the junction sequences (the —1 and +2
positions) and the target protein still significantly
influence the final yield, as has been previously
observed with other inteins [18,22]. However, the
precursors and split intein fragments were efficiently
removed by purification tags in the split inteins, despite
the lower efficiency for the ligation of intact HpTonB
(Fig. 6¢ and d). Importantly, the native sequence of
HpTonB was produced without any scar because the
“KS” sequence in HpTonB was utilized as the —1 and
+1 positions of HutMCM2 intein for protein ligation,
thereby resulting in the native sequence of HpTonB at
the splicing junction.

Figure 7 shows the comparison of the uniformly
SN-labeled HpTonB(36-285) and the segmentally
[°N, (155-285)]-labeled intact HpTonB(36-285) pro-
duced by salt-induced PTS. The uniformly labeled
sample shows the heavily overlapped strong NMR
signals within a narrow range around 8-8.5 ppm in the
["H, '*NJ-heteronuclear single quantum coherence
(HSQC) spectrum due to the highly flexible Pro-rich
region (Fig. 7a). On the other hand, the ['H, ">N]-HSQC
spectrum of the segmentally isotope-labeled sample
presents the well-dispersed peaks with homogenous
intensities originating only from the CTD (residues 155—
285) of HpTonB (Fig. 7b). Moreover, the 'H 1D
spectrum of the segmentally labeled sample still exhibits
strong 'H signals from the Pro-rich region, validating
that the flexible Pro-rich region is not labeled with >N
due to the segmental isotopic labeling (Fig. 7c). The
segmentally isotope-labeled HpTonB with the native
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Fig. 7. ['H, "®N]-HSQC spectra from (a) uniformly
"SN-labeled HpTonB(36—285) and (b) segmentally ['°N,
(155-285)]-labeled HpTonB(36—285). (c) Comparison of
1D "H-NMR spectrum (thin line) and 1D "H projection
from ['H, "®N]-HSQC spectrum of the identical sample of
segmentally ['°N, (155-285)]-labeled HpTonB(36-285).

sequence could thus facilitate the detailed NMR
analysis of CTD in the presence of the flexible Pro-rich
region.

The comparison between CTD and the
full-length HpTonB without TM

To evaluate the structural influences of the Pro-rich
region on the CTD of HpTonB, we determined the
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NMR structure of HpTonB(194-285), which was
constructed based on the sequence homology with
other TonB proteins (Fig. 9a). The NMR structure of
HpTonB(194—285)(PDB entry: 5LW8) revealed the
presence of an additional N-terminal helix compared
with the CTD of E. coli TonB(152—-239)(PDB entry:
1XX3 [43]), which is distinctly different from any other
previously reported TonB proteins but more similar to
the related HasB protein [42—44]. The comparison of
the ['H, ">NJ]-HSQC spectra of the truncated CTD of
HpTonB(194-285) and the segmentally labeled
HpTonB(36—285) identified clear differences in the
["H, "®N]-HSQC spectra (Fig. 8). The chemical shifts
differences between the two constructs of HpTonB are
visualized on the NMR structure of HpTonB(194-285)
(Fig. 9b and c). The observed large chemical shift
changes are located at the N terminus as expected
and are also observed for the 3-strands, particularly for
the C-terminal strand. This data suggests that the
prolonged N-terminal region of HpTonB(36-285) has
structural influences on the remaining CTD. We think
that the N-terminal Pro-rich region affects the dynam-
ics of the first helix, which causes chemical shift
changes and might influence the biological function

because the C-terminal strand is found to interact with
the TonB-dependent outer membrane transporters
[43—-46]. This example of segmental isotopic labeling of
intact HpTonB with the native sequence clearly
emphasizes the importance of structural investigation
in the full-length context and that truncated domains of
proteins, which are often used for structural investiga-
tion, might not represent actual biological
conformation.

Discussion

This study reports that inteins from extremely
halophilic archaea can be halo-obligatory and are
thus inactive under low salinity conditions but can be
activated by increasing the salt concentration. This
salt-dependent activation of halo-obligatory inteins
opens new opportunities to control protein splicing.
For example, a salt-inducible intein-mediated protein
purification system could both prevent premature
cleavages and be used for purification without any
reducing agents (Fig. 3c). The use of halo-obligatory
inteins for backbone cyclization facilitates the
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Fig. 8. Anoverlay of two ['H, "®N]-HSQC spectra of HoTonB(194-285) (green) and segmentally ['°N, (155-285)]-labeled
HpTonB(36—285) (dark grey). The resonance assignments of the backbone amides of HpTonB(194-285) are marked by the
residue number and one-letter amino acid codes. Side-chain amide resonances of Gln and Asn are indicated by “sc”.
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production of cyclic peptides and proteins in vitro
because spontaneous cyclization in vivo can be
prevented, thereby making it possible to incorporate
purification tags in the precursor instead of the
cyclized peptide (Fig. 4) [34]. This will be particularly
advantageous for the backbone cyclization of

Fig. 9. (a) A stereoview of an ensem-
ble of 20 NMR solution structures of
CTD, HpTonB(194-285). a-helices and
B-sheets are colored in red and blue,
280 respectively. (b) Chemical shift perturba-
tion of HpTonB(194—-285) by the Pro-rich
region. The average chemical differ-
ences between HpTonB(194-285) and
HpTonB(36-285) were calculated with
the formula ABd,., = [(Adn)2+
0.154*(A8y)?] 2 and plotted against the
residue number. (c) The locations with
larger chemical shift changes

fos (Ad,y > 0.2) are highlighted on the
“& schematic drawing of NMR structure
of HpTonB(194-285). Residues
with Ad,, > 0.4 ppm and 0.4 ppm >
Ad,, > 0.2 ppm are colored in red and
yellow, respectively. The N and C termini
are indicated by N and C, respectively.
Residues with ambiquous assignments
in the segmentally [°N, (155-285)]-la-
beled HpTonB(36-285) are shown in
dark gray in the structure and are
indicated by red asterisk in the plot.
Drawings of the structure were produced
by PyMOL [62].

N

smaller bioactive peptides as any tag could poten-
tially reduce their biological activities.

These halo-obligatory inteins were found to be
highly soluble both with and without a high salt con-
centration because the two strictly halophilic inteins
could be easily concentrated to >4 mM (>80 mg/ml).
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Aggregation-prone split fragments of many artificially
split inteins derived from non-halophilic inteins have
been problematic for wider applications of artificially
split inteins despite their robust cis-splicing activities
[24]. Artificially split inteins from halo-obligatory
inteins could circumvent the solubility issue, thereby
facilitating in vitro protein ligation using PTS [40,47].
As halo-obligatory inteins are inactive at low salt
concentrations such as in the intracellular environ-
ment of E. coli, this system could also be combined
with other split intein systems, like a naturally split
DnaE intein with very fast ligation kinetics for three-
fragment ligation because naturally occurring split
inteins and strictly halophilic inteins will not cross-
react with each other under low salinity conditions
[48,49]. For example, three-fragment ligation can be
achieved by two ligation steps using both in vivo PTS
using a naturally split DnaE intein and in vitro PTS
using an artificially split halo-obligatory intein [48,49].
This could theoretically make it possible to not only
label any region of the protein but also expand
the biotechnological applications of PTS for semi-
synthesis in a controlled manner. For such applica-
tions, HutMCMZ2 intein has several advantages
over Hsa inteins and naturally split DnaE inteins.
HutMCM2 intein requires less salt concentration
than Hsa inteins, which is in agreement with the
growth condition of H. utahensis under lower salinity.
The artificially split HutMCM2 intein has as fast
ligation kinetics as the highly efficient NpuDnaE
intein. The HutMCM2 intein uses Ser (instead of
Cys, which is used by the NpuDnaE intein) as the
nucleophilic residue at the +1 position, which will
remain in the ligated product. Ser at the +1 position
is more favorable for many applications such as
segmental isotopic labeling, not only because it is
not sensitive to oxidative environment but also
because Ser is more abundant than Cys and could
be exploited as the + 1 position of HUtMCM2 intein for
protein ligation. We demonstrated the practical utility of
the scarless protein ligation with intact HpTonB having
the native sequence for NMR investigations by utilizing
the newly designed split HutMCM2 intein.

In conclusion, this study showed various applica-
tions of salt-inducible CPS in cis and trans. Salt-
inducible CPS opens new, exciting applications as a
biotechnological tool for the production of proteins
and cyclic proteins/peptides by controlled ligation/
cleavages. Segmental isotopic labeling of intact
proteins without any sequence modification by the
novel and salt-inducible split intein could facilitate
the NMR structural investigation of the protein
domains in their larger, full-length contexts with
intact primary structures, despite flexible regions or
repeating regions [48]. Protein engineering of
halo-obligatory inteins or other halo-obligatory en-
zymes could also widen the applications of salt-
inducible conditional splicing/activation as a novel
protein-engineering tool.

Materials and Methods

Plasmid constructions

For comparison of protein splicing of inteins from
haloarchaea

The previously described cis-splicing vectors of CDC21
intein (pSKDuet24) and Polll intein (pSKDuet25) from
H. salinarum were used [28]. MCM2 intein from H.
utahensis was cloned from genomic DNA (DSM-12940)
using two oligonucleotides, 1119: 5-TTGGTACCTCCGG-
CATTATGCACCAATAC and 1120: 5'- TAGG-
TACCGTCCTCGGAATTATGGACGACCATTCC, and
was cloned between the BamHl and Kpnl sites in
pSKDuet24, resulting in the plasmid pSADuet616
(He-GB1-HutMCM2-GB1).

For salt-induced protein cyclization

The C-terminal fragment (residues 121-182) of HsaCDC21
intein bearing the N-terminal His-tag was produced by PCR
from pSKDuet24 as the template using the three oligonu-
cleotides of 1020: 5'-CCATCACCACACTAGTGGGCAGG
TCGCACCCGACG, 1021: 5-ACATATGGGCAGCCATCAT
CACCATCACCACACTAGTG, and 1019: 5-ATCTAGAAC
CCATCTGGGAGTTGTGCGAGAC. The PCR product con-
tains Ndel and Xbal. The gene of GFP, together with a
thrombin cleavage site, was amplified from pIWT63-80 [34]
using the two oligonucleotides of 86: 5- TAGGTACCGCGT
GGCACCAACCCAGCAGCWGTTAC and 149: 5'-CGGG
ATCCAACGAGCCGAGGACGTTC. The gene for the
N-terminal fragment (residues 1-120) was amplified using
two oligonucleotides of 1022: 5-TCAAAGCTTAGGAGCC
GTCGCCGTCCGGG and1018: 5-TTGGTACCGGCAAG
TGCGTGCGGGGCGAC from pSKDuet24. The three
gene fragments were assembled into a pBAD vector
(Invitrogen) using the restriction sites of Ndel, Xbal,
Kpnl, and Hindlll. The resulted plasmid pSABAD570
encodes the precursor protein of Hg-HsaCDC21-
ce2-GFP-HsaCDC21,ce2 Under an arabinose promoter.

For salt-inducible PTS

The gene of the N-terminal split intein fragment of
HutMCM2 intein (HUtMCM2,ce2) was amplified from
pSADuet616 using the two oligonucleotides, 1119: 5'-
TCGGATCCATGCGGTGCGTTACTGGGGATACTCTC
and 1140: 5'- TCAAGCTTAACCGTCAGTTGCCATCGCTG,
and was cloned into pSKDuet1 [18] using BamHI and Hindlll
sites, resulting in pSADuet620. The gene of the C-terminal
split intein fragment of HUtMCM2 intein (HUutMCM2¢42)
was obtained by PCR from pSADuet616 using two
oligonucleotides, 1139: 5'-GTCATATGGGCGA-
TATCGGGCTTCGA and 1120: 5'-TAGG-
TACCGTCCTCGGAATTATGGACGACCATTCC, and
was digested by Ndel and Kpnl. The gene of GB1-Hg
was obtained from pMHBAD14 (Addgene #42304) [50] by
digesting with Kpnl and Hindlll. The digested genes of
HutMCM2¢4, and GB1-Hg were cloned into pHYRSF-1
(Addgene #34549) [40] in a stepwise manner using Ndel,
Kpnl, and Hindlll sites, which resulted in pSARSF619
bearing the gene of Hg-HUMCM2¢4,-GB1-Hg.



4584

Salt-inducible Protein Splicing in cis and trans

N-terminal precursor, HpTonB(36—154)-HutMCMce2-Hg
for segmental labeling of HpTonB

The gene of the N-terminal half of HutMCM2 intein
with chitin binding domain (CBD) and octa-histidine tag
(HUtMCMcg2-CBD-Hg) was purchased from IDT DNA as
the cloned plasmid in pIDTSMART-KAN. The CBD domain
was removed by inverse PCR using the two oligonucleo-
tides of 1731: 5-CCGGCGGAATCCGGAGGAGAATT
CGGTCACCATCATC and 1732: ATGGTGACCGAA
TTCTCCTCCGGATTCCGCCGGTCCTTC. The gene of
HpTonB(36-154) was first amplified from genomic DNA of
H. pylori (Marshall et al., ATCC:700392D-5) using the two
oligonucleotides, 1816: 5'CTCATATGCGCGAAGACG
CCCCAGAGCCTTTAG and 1822: 5'-GTATCCCCAGTAA
CGCATTTTTCTTTAGCTTCCTCTTTAG, followed by an-
other PCR amplification with the two oligonucleotides, 1816
and 1646: 5-TGCACTAGTGTATCCCCAGTAACGCANC.
The amplified gene and the gene of HpTonB(36—154)
were cloned into a vector pHYDuet194 in a stepwise
manner using the restriction sites of Ndel, BamHI, Hindlll,
and Spel. The plasmid pHYDuet194 was derived from
pHYRSF1 (Addgene #34549) [40] and bears a mutation of
Ncol-to-Ndel site at the start codon. The resulting plasmid
pJTRSF9 contains Arg154 instead of Lys154 at the —1
splicing junction of HpTonB(36—154)-HutMCMace2-Hs.

The plasmid pACRSF5 bearing the wild-type TonB
residue of Lys154 was constructed using pJTRSF9 as the
template with the two oligonucleotides, 1816 and 1933:
5'-GAACTAGTGTATCCCCAGTAACGCATTTTTCTT
TAGCTTC, and was cloned in the same way as pJTRSF9
using Ndel and Spel sites.

C-terminal precursor, Hg-HutMCM2c42.-HpTonB
(155-285) for segmental labeling of HpTonB

The gene of HpTonB (residues 155—285) was amplified
from the genomic DNA of H. pylori using two oligonucleo-
tides, 1849: 5-GGAATGGTCGTCCATAATAGCGCTCCT
AAACAAGTAACAAC and 1850: 5-CAGCGGTTTCTTTAC
CAAAGCTTAGTCTTCTTTCAAGCTATAAGC. The ampli-
fied DNA fragment was used for overlap extension PCR
cloning [51] using plasmid pSARSF619 as the template,
resulting in pBHRSF165.

For the full-length HpTonB(36-285)

For the production of the full-length HpTonB without TM,
the gene of TonB was amplified from the genomic DNA of
H. pylori using the following two oligonucleotides, 1816:
5-CTCATATGCGCGAAGACGCCCCAGAGCCTTTAG and
1915: 5- GTGGTACCTTAGTCTTCTTTCAAGCTATAAGC.
The amplified PCR product was cloned into pHYRSF53 [52]
using BamHI and Hindlll, resulting in pACRSF5 coding for
He-Smt3-HpTonB(36—285) fusion protein.

Salt-induced CPS in cis

Small- and large-scale expression was done using
plasmids pSKDuet24, pSKDuet25, or pSADuet616 in
E. coli ER2566 cells (New England Biolab), either in 5 ml
or 2-L LB medium for large-scale expression, was supple-
mented with 25 pg/mL kanamycin, and was grown at 37 °C.

The cell culture was induced with IPTG when ODgg reached
0.6 and was grown for another 4 h before it was harvested
by centrifugation. Bacterial cells from the small-scale
expression were lysed using B-PER® Bacterial Protein
Extraction Reagent (ThermoFischer Scientific) and purified
using Ni-NTA spin columns (GE Healthcare). The protein
was eluted with elution buffer [300 mM NaCl, 250 mM
Imidazole, and 50 mM sodium phosphate (pH 8.0); Buffer
B]. The harvested cells from 2-L culture were lysed with
EmulsiFlex C3 cell homogenizer for 10 min at 15,000 PSI
and were centrifuged at 37,000g for 1 hat4 °C. The cleared
supernatant was loaded onto a HP HisTrap column (GE
Healthcare) with loading buffer A[300 mM NaCland 50 mM
sodium phosphate (pH 8.0); Buffer A]. The protein was
eluted from the column with Buffer B and dialyzed against
Milli-Q water before it was concentrated. The estimated
amount of the purified protein was >30 mg/L for each of the
three proteins. The proteins were either tested for protein
splicing immediately or stored at —70 °C.

Cis-splicing of the purified HsaCDC21, HsaPolll, and
HutMCM2 inteins was tested in either 4 M NaCl or various
NaCl concentrations (1, 2, 3, and 4 M). A final concentra-
tion of 50 uM protein was incubated in a final concentration
of 50 mM Tris—HCl and 4 M NaCl (pH 7.0) in the presence
of 0.5 mM TCEP. The reaction mixtures were incubated for
18 h (overnight incubation) at 25 °C and stopped by
mixing with 1x SDS sample buffer. The samples were
analyzed on 18% SDS polyacrylamide gels.

For the time course of cis-splicing and kinetics at different
NaCl concentrations, 100 uM protein solutions of the
purified cis-splicing precursors containing HsaCDC21 or
HutMCM2 inteins were induced in the presence of 0.5 mM
TCEP with a final concentration of 4 M or 3.5 M NaCl,
respectively. As a control, the same protein solutions were
also incubated without any NaCl. The reaction mixtures
were incubated for 22 h at 37 °C. For the kinetic analysis,
samples were collected at given time points for SDS-PAGE
analysis (0-1260 min). The reactions were stopped by
mixing with SDS sample loading buffer and were analyzed
on 18% SDS-PAGE, followed by staining with PhastGel
Blue R (GE Healthcare). Intensities of the bands correspond-
ing to the precursors and products were quantified from
Coomassie-stained SDS-PAGE using the software Image J
(NIH, Bethesda, MD, USA) and were normalized according
to their molecule sizes. The ligation efficiency was estimated
from the amount of the ligation product against the sum of the
unreacted precursor and the side-products produced by the
cleavages. Kinetic parameters of the ligation reaction were
obtained by fitting the first-order kinetics function to the band
intensities without any offset using SigmaPlot (Systat
Software Inc). All of the experiments were performed in
triplicates. The lower cis-splicing efficiency of HsaCDC21
intein is due to the competing cleavage reactions.

Protein purification by salt-induced cleavage

GFP and GB1 were used as target proteins in a model
system to create a fusion protein bearing HutMCM2 with the
double mutations of Ala at the C-terminal residue and the + 1
position, followed by a CBD with the C-terminal octa-
histidine tag. GFP—intein fusion was cloned into a pET
vector, resulting in pBH(etGFP)Syn13, and GB1-intein
fusion into a pDuet vector, resulting in pSADuet735. These
fusion proteins were expressed in the E. coli ER2566 and



Salt-inducible Protein Splicing in cis and trans

4585

purified by IMAC. The cleavage of the fusion proteins was
induced at a final concentration of 4 M NaCl at room
temperature with 50 mM NH,4(OH) or at a final concentration
of 4 M NaCl without reducing agent or with either 0.5 mM
TCEP or 30 mM DTT at 37 °C. The reaction mixture was
purified by either a Ni-NTA column or a chitin column in order
to remove the intein tag and unreacted precursor.

Salt-induced protein cyclization of GFP

The fusion protein bearing GFP and the split HsaCDC21
intein was expressed in the E. coli ER2566 strain using the
plasmid pSABAD570. The cells were grown in 0.5-L LB
media supplemented with ampicillin (100 pg/mL) at 37 °C
and induced with a final concentration of 0.08% arabinose
and induced for another 6 h at 30 °C. The precursor
protein was purified by IMAC using a HisTrap column,
dialyzed against Milli-Q water at 4 °C overnight, and
concentrated using a centrifugal concentrator device.

The salt-inducible cyclization was performed in two ways
(rapid dilution and dialysis). For rapid dilution, the precursor
solution containing no salt was mixed with a NaCl solution at
a final concentration of 100 uM precursor and 3.5 M NaCl in
the presence of 0.5 mM TCEP and was incubated at 37 °C
for 18 h. For the induction of protein cyclization by dialysis,
the protein was mixed with NaCl at a final concentration of
1.2 M NaCl, followed by dialysis against2 L ofa 3.5 M NaCl
solution at 37 °C overnight (for 18 h). The solution, which
was dialyzed against a 3.5M NaCl solution, was diluted to
~1 M NaCl concentration and subsequently loaded on a
5-mL HisTrap HP column (GE Healthcare) to remove the
unreacted precursor. The flow-through fractions containing
the cyclized GFP from the second IMAC purification were
concentrated and exchanged with PBS buffer using a
centrifugal concentrator device MWCO 3500 (Millipore). To
confirm the backbone cyclization of GFP, we added 0.25 U
of thrombin (Roche Diagnostics GmbH) to 60 puM of cyclized
GFP in the presence of 0.5 mM TCEP at 37 °C, and it was
analyzed by SDS-PAGE.

Conditional PTS using split HutMCM2 intein

Two split precursors of HutMCM2c42-GB1-Hg
(pPSARSF619) and Hg-GB1-HutMCM2 62 (PSADuet620)
were purified by IMAC using the hexahistidine tag. The two
precursors were mixed in an equimolar concentration of
30 uM and incubated in 4 M NaCl in the presence of
0.5 mM TCEP at 37 °C for 22 h. Samples were analyzed
by SDS-PAGE, and the ligated product was confirmed by
Matrix Assisted Laser Desorption/lonization - Time of
Flight (MALDI-TOF) mass spectrometry.

Solubility comparison of N-terminal precursors
containing split inteins

The solubility of the N-terminal precursor proteins using
an identical extein of GB1 was done by the comparison
of soluble and insoluble fractions after the cell lysis.
The plasmids for Hg-GB1-SspDnaEy (pJJDuet30) [17],
He-GB1-NpuDnaEy (pSKDuet1), and He-GB1-HutMCM2y
(aforementioned pSADuet620) were used for the compar-
ison. Expression was done using E. coli ER2566 cells in
5-ml LB medium supplemented with 25 pg/ml kanamycin

at 37 °C. Expression was induced with a final concentra-
tion of 1 mM IPTG when ODggo reached 0.6. The cells
were grown for an additional 4 h at 37 °C before
harvesting by centrifugation. The cells were lysed using
B-PER® Bacterial Protein Extraction Reagent. The soluble
fraction was separated from the pellet by centrifugation at
21,000g for 5 min. The pellet was resuspended in 1x SDS
sample loading buffer and analyzed in comparison with the
soluble fraction on 18% SDS PAGE.

Segmental isotopic labeling of HpTonB

Expression and purification

"SN-labeled C-terminal precursor and the uniformly
"SN-labeled full-length protein were produced using
plasmid pBHRSF165 or pACRSF4 in E. coli ER2566
strain in 2-L M9-medium at 37 °C supplemented with
25 pg/ml kanamycin containing '°NH,Cl as the sole
nitrogen source. Protein expression was induced by the
addition of a final concentration of 1 mM IPTG when ODggo
reached 0.6, followed by an additional 5-h incubation at
30 °C before the cells were harvested by centrifugation.
Expression of the unlabeled N-terminal precursor, using
plasmid pACRSF5 or pJTRSF9, was done in E. coli
ER2566 strain. The cells were grown in 2-L LB medium
supplemented with 25 pg/ml kanamycin at 37 °C. When
ODgoo reached 0.6, the protein expression was induced
with a final concentration of 1 mM IPTG, followed by
another 4-h incubation before the cells were harvested by
centrifugation.

For purification, the cells were resuspended in Buffer A
and lysed using EmulsiFlex C3 homogenizer before
centrifugation at 37,0009 for 1 h at 4 °C. IMAC purification
was done using HisTrap HP column (GE Healthcare) and
loading Buffer A. After elution with Buffer B, the protein
solution was dialyzed against PBS buffer, followed by
concentration to 0.2—0.6 mM. About 20 mg/L and 30 mg/L
of the precursors were purified for the '°N-labeled
C-terminal precursor using pBHRSF165 and for the
unlabeled N-terminal precursors using either pACRSF5
or pJTRSF9, respectively (Supplementary Fig. 3b).

The fusion protein of Hg-Smt3-HpTonB(36—
285)(pACRSF4) was purified by IMAC, followed by Ulp1
digestion before a second IMAC round as described
previously [52]. The purified HpTonB(36—285) protein was
dialyzed against 20 mM NaPi, pH 6.0 and concentrated to
0.5 mM for NMR studies.

Protein ligation by salt-induced PTS

The purified '®N-labeled C-terminal precursor and the
unlabeled N-terminal precursor were mixed at a molar
ratio of 1:1. A final concentration of ~0.1 mM (14 mg and
11 mg for the N- and the C-terminal precursor, respec-
tively) was used for the ligation of HpTonB(36-154)-
HutMCMace2-Hg with Lys154 and Hg-HutMCM2¢45-
HpTonB(155-285). A final concentration of ~0.4 mM
was used for HpTonB(36-154)-HutMCMacez-Hg with
Arg154 and Hg-HutMCM2c4o-HpTonB(155-285). The
reaction was performed in a volume of 4.5 ml and
dialyzed against 1 L of 0.5 M NaPi and 3.5 M NaCl at
pH 7.0 in the presence of 0.5 mM TCEP. The reaction
mixture was dialyzed for 16—-40 h at room temperature in
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a dialysis tube with MWCO of 6-8 kDa. The ligation
reaction was stopped by diluting the reaction mixture to a
final concentration of 50 mM NaPi and 150 mM NacCl. For
SDS-PAGE analysis, samples (20 pl) were taken from
the reaction mixture after 2, 16, 22, and 39 h. The
samples were diluted by mixing each sample with
1x SDS loading buffer (60 pl) and were analyzed on
18% SDS polyacrylamide gels after incubation at 95 °C
for 5 min. As a control for the NaCl induction, an identical
reaction mixture was dialyzed against PBS buffer instead
of 3.5-M NaCl solution. The samples for SDS-PAGE
analysis were taken at the same time points. The ligation
mixture after dialysis was further purified by IMAC using a
HisTrap HP column to remove the unreacted precursors
and excised intein fragments. The flow-through fractions
from IMAC were pooled and dialyzed against 20 mM
NaPi at pH 6.0 for further analysis by NMR and
mass spectrometry. The total amount of segmentally
"SN-labeled ligated product after the second
purification was about 3 mg for the segmentally [*°N,
(155-285)]-labeled HpTonB(36-285) when the
plasmids of pACRSF5 and pBHRSF165 were used for
the expression of the precursors. Then, 0.2-mM
(ligated product) solutions of the segmentally ['°N,
(155—-285)]-labeled HpTonB(36—285) were prepared for
NMR measurements in a 250-pl volume of 20 mM NaPi,
pH 6.0 containing 10% D,O.

NMR measurements

NMR measurements for the HpTonB samples (20 mM
NaPi, pH 6.0 containing 10% D,0) in shigemi tubes (250 pl)
were recorded at the 'H frequency of 850 MHz on a Bruker
Avance lll HD spectrometer equipped with a triple-reso-
nance cryogenic probe at 298 K.

NMR solution structure of HpTonB(194-285)

Doubly ['°N, '3Cl-labeled protein sample of HpTonB
(194-285) for the NMR structure determination was
expressed in E. coli ER2566, which is transformed with
the plasmid pACRSFO01 [52] in 2-L M9 medium supple-
mented with kanamycin (25 pg/ml), containing ">NH,CI
and '3C-glucose as sole nitrogen and carbon source,
respectively, and purified as described previously [52]. The
protein was dialyzed against 20 mM NaPi, pH 6.0 and was
concentrated to 0.5 mM.

For sequential backbone assignment, the following
experiments were used: ['H, "®N]-HSQC, HNCO, HNCA,
HNCACB, HN(CO)CA, HN(CA)CO, and CBCA(CO)NH
[53]. Aliphatic side chains were assigned using ['H, '°C]-
HSQC, HCCH-correlated spectroscopy(COSY),
CC(CO)NH, H(CCO)NH, HBHA(CO)NH, and '°N-edited
['H, "H}-otal correlated spectroscopy (TOCSY) experi-
ments, and aromatic side chain assignment is based on
ct-['H, '3C]-HSQC and '3C-edited ['H, 'H]-NOESY-HSQC
spectra. Chemical shift assignment was performed using
CcpNmr Analysis software [54]. Solution structure con-
formers were generated using CYANA 3.0 software, based
on automated NOESY cross peaks assignment [55,56].
Empirical dihedral angle constraints, based on assigned
chemical shifts, were generated with TALOS software [57].
NOE distance constraints were obtained from 3D '*N- and

13C-edited ['H, '"H]-NOESY-HSQC spectra with
mixing times of 90 ms. Restrained energy minimization
was performed using the 20 best conformers with the
lowest CYANA target function by AMBER 14 [58,59]. The
structures were validated using PSVS 1.5 [60] and WHAT IF
[61]. Structural statistics are shown in Supplementary
Table 1.

Accession numbers

The atomic coordinates and assigned chemical
shifts have been deposited in the Protein Data Bank"
(PDB ID: 5LW8; BMRB entry: 34043).
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