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研究成果の概要（和文）：自然界が進化によって探索した配列空間はほんの一部である。合理的デザインによ
り、現在までに可溶性タンパク質については、未開拓配列空間に多くの構造・機能を持つ人工タンパク質が存在
することが明らかになってきた。本研究では、膜タンパク質でも機能・構造を持つ人工膜タンパク質を持つ分子
が存在すること示した。具体的には、2 nmのポアを持つ人工膜タンパク質を設計し、その機能を人工細胞リアク
ターを用いて明らかにした。

研究成果の概要（英文）：Only a small fraction of the sequence space has been explored by nature 
through evolution. By rational design, it is now clear that for soluble proteins, there are many 
artificial proteins that possess structures and functions in the unexplored sequence space. In this 
study, we show that there are molecules with artificial membrane proteins that also have functions 
and structures in membrane proteins. Specifically, we designed an artificial membrane protein with a
 2 nm pore and clarified its function using an artificial cell reactor.

研究分野： 合成生物学

キーワード： 膜タンパク質　リポソーム　進化分子工学
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令和

研究成果の学術的意義や社会的意義
人工細胞を構築する研究は、非生命から生命をどのように創り出せるかを明らかにする方法の一つである。現在
までに、細胞の機能を模倣した様々な人工細胞が構築されてきた。本研究課題では、人工細胞が人工膜タンパク
質の機能解析に用いること、更には、膜タンパク質進化分子工学に使えることを示すものである。

※科研費による研究は、研究者の自覚と責任において実施するものです。そのため、研究の実施や研究成果の公表等に
ついては、国の要請等に基づくものではなく、その研究成果に関する見解や責任は、研究者個人に帰属します。
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１．研究開始当初の背景 
 100 アミノ酸から構成されるタンパク質には 20100≈10130通りの配列が存在しうるのに対し、自
然界には 1012 種類程度の異なる配列しか存在しないと言われている。自然界が進化によって探
索した配列空間はほんの一部である。従って未開拓の配列空間には従来は考えられなかった構
造や機能を持つ配列が存在すると考えられている。未開拓配列空間の一つの探索方法として計
算機による合理的デザインがある。これまでにタンパク質の構造予測、特定の構造に折りたたま
れる配列デザインを可能とする Rosetta や ORBIT などのプログラムが開発され、天然配列とは
全く相同性のない多くの新規タンパク質、例えば天然にはない立体構造を持つタンパク質や非
常に安定性の高いタンパク質が創り出されてきた（Reviewed in Huang et al., Nature, 2016）。 
 一方で、現時点で計算機による合理的デザインだけでは天然配列に匹敵する機能・活性を持つ
配列を創り出すことが難しいことも明らかになってきた（Korendovych and DeGrado, Curr Opin 
Struct Biol, 2014）。例えば、低分子化合物に結合するようデザインされた人工タンパク質は、µM
オーダーの解離定数でしか目的化合物に結合せず、変異と選択を繰り返す進化分子工学による
最適化を経てはじめて nM や pM オーダーの結合を示す分子が得られた（Tinberg et al., Nature, 
2013）。Kemp elimination 反応を触媒するようデザインされた人工酵素の活性は非常に低く、進化
分子工学による最適化を経てオリジナルのデザイン配列よりも約 1,000 倍触媒活性が高い酵素
を作り出せた（Blomberg et al., Nature, 2013）。このように計算機による合理的デザインと進化分
子工学を組み合わせることではじめて高機能性人工タンパク質が作り出されている。（ここで人
工タンパク質は、天然配列と相同性をもたないものを指す。） 
 以上のように合理的デザインと進化分子工学による人工タンパク質の創生は可溶性タンパク
質に適用され大きな成功を収めつつある一方、膜タンパク質に関しては例がない。多種多様な物
質を認識するその機能からバイオセンサーやナノポアシーケンスへの応用も盛んに議論されて
いる。しかし、以下の理由から少数の例を除いて、膜タンパク質はデザインの標的として扱われ
てこなかった。理由として、計算機によるタンパク質デザインは脂質分子との相互作用を考慮す
るため著しく難しいこと、一般に不溶性でありかつ異種細胞での発現が困難な膜タンパク質は
調製や機能測定が困難であること、膜タンパク質の機能進化に適した進化分子工学的手法がな
いことなどが挙げられる。 
 
２．研究の目的 
 本研究では、機能性人工膜タンパク質を計算機による合理的デザインと進化分子工学を組み
合わせて創り出す。具体的には、研究代表者らが開発したリポソームディスプレイ法により計算
機でデザインされた人工膜タンパク質のポア形成活性を計測する。更には進化させることで高
機能性人工膜タンパク質を創生する。これにより天然とは異なる機能性人工膜タンパク質を作
り、その方法論を確立することを目指す。 

 
３．研究の方法 
 人工ポア形成膜タンパク質は、研究代表者らが開発したリポソームディスプレイ法により解
析する（図１）。この手法では、膜タンパク質 DNA を人工脂質二重膜小胞リポソームに再構成
型無細胞タンパク質合成系（PURE system）と共に封入し、内部で膜タンパク質を合成する。こ
れにより合成した膜タンパク質をリポソーム膜上へ配置する方法である。人工ポア形成膜タン
パク質は、研究協力者の Baker らが Rosetta により（Huang et al., Nature, 2016）デザインしたもの
を用いる。 
 
４．研究成果 
 研究代表者らは、まず人工
ポア形成膜タンパク質をリポ
ソーム内部で合成し、ポア形
成を計測する手法を確立した
（図１）。内部に PURE system
と共に streptavidin を加えて、
細胞サイズのリポソーム
（ Giant Unilamellar Vesicle 
(GUV)）を調製する。その後、
膜上に形成されるポアよりも
小 さ い 蛍 光 分 子
（AlexaFluor488-biotin）を外
部に加えると、蛍光分子は自
由拡散によりリポソーム内部
に入り、streptavidin と結合す
る。ポアが存在するリポソー
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図１：ポア形成人工膜タンパク質の機能解析。リポソーム内で人工膜タ
ンパク質6h2Lを合成後、外部の蛍光物質を加えリポソームをフローサ
イトメータ（FCM）で分析した結果。右が反応の模式図。左はFCMの
データ。6h2Lは蛍光物質を加えてから時間を応じてAlexaFluor488蛍
光の上昇が見えている。 
 



ムは緑色蛍光を有する。図１に示すように６回膜貫通タンパク質を合成した場合には、リポソー
ム内への蛍光物質の集積が観察された。この手法を用いて、次にその立体構造解析が可能であっ
た 12 回と 16 回膜貫通人工ポア形成膜タンパク質（TMHC6，TMH4C4）の二つの機能解析を行
った（図２）。 
 TMHC6 と TMH4C4 を
リポソーム内で合成後、
サイズの異なる蛍光物質
をリポソーム外部に加え
た。その結果、1 kDa の小
さい分子は TMH4C4 のポ
アを通過したが、4.6 kDa
の分子は透過しなかっ
た。また、TMHC6 はどち
らの蛍光分子もリポソー
ム膜を透過しなかった。
なお、タンパク質合成量
や膜タンパク質の膜結合量に大差が無かったことは確認した。これらの結果は、図３で見られる
差が、人工膜タンパク質が構造から予想されるポアを形成していることを示唆している。 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 この２つの人工膜タンパク質のリポソーム膜への膜挿入効率は天然タンパク質のそれよりは
低いことが明らかになった（図４）。つまり、デザインした膜タンパク質は、ポアを形成する能
力はあるが、リポソーム膜への挿入効率をデザインすることが困難であることが示唆された。そ
こで、代表者らが開発した進化分子工学的手法であるリポソームディスプレイ法を用いて、ポア
形成能力、膜挿入効率ともに向上した変異体を取得し、人工膜タンパク質のデザイン原理を明ら
かにすることを目指した。 
 TMH4C4 の遺伝子にランダムに変異を導入した遺伝子ライブラリーからより沢山の蛍光分子
を取り込める変異体分子を選択する実験を進めた。その結果、オリジナル配列よりも高い機能を
有する分子は得られなかった。そこで、膜とタンパク質の境界部位に塩基性のアミノ酸を導入す
ることで 1.5 倍蛍光分子の取り込み能力の向上が見られた。今後、品質の高い変異型ライブラリ
ーを作製・デザインする必要性があると予想される。 
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spectrometry analysis (Extended Data Fig. 3e), but there was no change 
in pore assembly or solution behaviour more generally (Extended Data 
Fig. 2d), further suggesting that chemical modification blocks ion 
conductance by direct steric occlusion.

Taken together, the high ion selectivity, specific inhibition by mul-
tivalent cations, and complete block by MTS reagents acting at the 
extracellular entry to the pore strongly suggest that ion passage occurs 
through the designed central transmembrane pore. Leak conductances 
would not be expected to have these properties. As is the case for some 
naturally occurring channels, such as the physiologically important 
store-operated calcium channel Orai23, single-channel recordings on 
TMHC6 did not yield clear signals. The single-channel conductance 
may be too low to measure reliably, perhaps because of the narrow 
diameter of the central non-polar lined portion of the pore.

The residue composition and structure of the conductive channel 
of TMHC6 are reminiscent of calcium-selective Orai channels, but 
TMHC6 is selective for K+. This selectivity probably reflects the narrow 
3.3 Å constriction of the TMHC6 pore, which only allows conductance 
of at least partially dehydrated K+. Natural potassium channels have 
selectivity filters of similar size and conduct K+ through direct inter-
actions with backbone carbonyls, without any intervening equatorial 
waters of hydration24. By contrast, voltage-gated sodium and calcium  
channels—which conduct hydrated Na+ and Ca2+ (refs. 25,26)—have 
selectivity filters that are 4.6 Å2, well suited to accommodate hydrated 
sodium and calcium ions25–27 but not hydrated potassium ions.  

The ability to design transmembrane pores de novo lays the foundation 
for broad exploration of the pore diameters and chemical interactions 
that are required for selective conductance of a wide range of ions. 
This understanding should enable the design of channels that directly 
modulate cell function. As a first step in this direction, we expressed 
TMHC6 in a yeast strain that requires potassium for growth, and found 
that the growth rate increased considerably in a K+-dependent manner 
(Extended Data Fig. 4).

Building a larger transmembrane nanopore
To explore the generation of larger transmembrane pores that are 
capable of transporting organic molecules larger than single ions, we 
designed water-soluble helical bundles with eight-fold symmetry. Our 
approach was similar to that described above for WSHC6 except that a 
starting ‘single-ring’ template was not used; instead, the structure and 
sequence of the inner ring of helices were sampled de novo in paral-
lel to those of the outer ring. We obtained synthetic genes encoding 
selected octameric pore designs and expressed them in E. coli. Four 
out of five of the octameric designs were well expressed and soluble 
in E. coli, and could be purified by nickel-affinity chromatography and 
SEC. However, none of the designs populated only the target octameric 
state. There are only small differences in interface geometry between 
C7, C8 and C9 assemblies (the angles between subunits are 51°, 45° 
and 40°, respectively), and mixtures were observed for most of the 
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Fig. 1 | The X-ray crystal structure of the water-soluble hexameric WSHC6 
and the ion conductivity of the 12-helix TMHC6 transmembrane channel. 
 a, Superposition of the backbones of the crystal structure (blue) and the 
design model (grey) of WSHC6. The Cα r.m.s.d. between the crystal structure 
and the design model is 0.89 Å. The red sphere represents a water molecule.  
b, The cross-section of the WSHC6 channel. A chain of water molecules (red 
spheres) occupies the central pore (Extended Data Fig. 1e). c, Model of the 
TMHC6 channel. The permeation path, calculated by HOLE20, is illustrated by 
the blue surface in the left panel. Constriction sites along the channel are the 
E-ring (E44), the K-rings (K65, K68), and two intervening L-rings (L51, L58). 
Right, the radius of the pore along the permeation path. d, Circular dichroism 
spectra and temperature melt curve (inset) of the TMHC6 channel. No 
apparent unfolding transition is observed up to 95 °C. The spectrum labelled 

Re25 °C was taken when the sample had cooled back to 25 °C after the thermal 
melt scan. [θ]220, molar ellipticity at 220 nm. e, AUC sedimentation–equilibrium 
curves at three different rotor speeds for TMHC6 yield a measured molecular 
mass of approximately 58 kDa, consistent with the designed hexamer. D and E 
indicate the molecular mass of the oligomer design and the molecular mass 
calculated from the experiment, respectively. A230, absorbance (in arbitrary 
units (AU)) at 230 nm; OD, optical density. f, Conductivity in whole-cell 
patch-clamp experiment on insect cells expressing TMHC6. The channel 
blocker Gd3+ diminished ion conductance to a level equivalent to that of 
untransfected cells. g, TMHC6 has considerably higher conductance for K+ 
than for Na+, Cs+, CH3NH3

+ and Ba2+. Ten cells were measured for each permeant 
ion species; data are mean ± s.e.m.
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designs. We reasoned that achieving a well-defined C8 state would 
require more precise interface definition; therefore, we carried out a 
second round of C8 designs with larger intersubunit interaction surface 
areas (Extended Data Fig. 5a, b) and more hydrogen-bond networks 
across the interface. Ten out of fifteen of the second-round designs 
that passed the in silico test (Extended Data Fig. 1f) were expressed 
and soluble in E. coli, and two were found to be monodisperse and 
octameric by MALS analysis (Extended Data Fig. 2b). One of the two 
was further confirmed by AUC (Extended Data Fig. 1h). The circular 
dichroism spectrum of the AUC-verified octameric design (denoted 
WSHC8, for water-soluble hairpin C8) showed that the structure was 
highly helical and had a melting temperature of 85 °C (Extended Data 
Fig. 1g). We again found excellent agreement between the experimental 
and calculated SAXS profiles, indicating that WSHC8 folds into the 
desired shape in solution (Extended Data Fig. 1i).

We determined the crystal structure of WSHC8 (Fig. 3a, b, Extended 
Data Table 1) and found that the Cα r.m.s.d. values between the crystal 
structure and the design model for the monomeric subunit and the full 
octameric pore were 0.97 Å and 2.51 Å, respectively. The larger devia-
tion in this case compared with WSHC6 is caused by the slight tilting 
of the hairpin monomers along the superhelical axis of the complex 
(Extended Data Fig. 1j). As in the design model, the crystal structure 
contains a long and continuous central channel with an inner diameter 
of approximately 10 Å as calculated by HOLE. We converted WSHC8 into 
an octameric membrane-spanning pore (TMHC8) by redesigning the 
membrane-exposed and pore-facing residues of the crystal structure 
(see Supplementary Information, Extended Data Fig. 5c, d). The design 
model has a central pore with a diameter of 10 Å and a transmembrane 
span of 31 Å. A gene encoding TMHC8 was synthesized, the protein 

expressed in E. coli, and the membrane fraction purified and solubilized 
in detergent. After affinity chromatography, the protein eluted as a 
monodisperse peak during SEC (Extended Data Fig. 2e). Circular dichro-
ism measurements showed that TMHC8 had the expected α-helical 
secondary structure with a melting temperature of 75 °C (Extended 
Data Fig. 5e). AUC experiments showed that TMHC8 formed complexes 
with a molecular mass of 98.9 kDa, which lies in between the masses of 
a 14-helix heptamer and a 16-helix octamer (Extended Data Fig. 5g). To 
resolve this ambiguity, we linked two monomers of TMHC8 together 
using a short loop to create a four-helix subunit. This redesign, denoted 
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Fig. 3 | The X-ray crystal structure of water-soluble WSHC8 and the 
characterization of the 16-helix TMH4C4 transmembrane channel.  
a, b, Superposition of the full octameric assemblies and the monomeric 
subunits of the crystal structure (blue) and the design model (grey) of WSHC8. 
The Cα r.m.s.d. is 2.51 Å (octamer) and 0.97 Å (monomers). The larger deviation 
for the octamer is caused by the slight tilting of the hairpin monomers along 
the superhelical axis of the complex. c, The cross-section of the WSHC8 
channel. d, Model of TMH4C4 with 16 transmembrane helices. The 
electrostatic surface of the neutral transmembrane regions is shown in grey.  
e, Liposome permeability assay. Membrane channels are generated by in vitro 
translation inside streptavidin-containing liposomes, biotin-labelled 
fluorescent dyes are added to the surrounding buffer, and the amount of dye 
trapped inside the liposomes is measured by flow cytometry. f, g, TMH4C4 
functions as a size-dependent transmembrane sieve. Incorporation of 
TMH4C4 into liposomes enabled the accumulation of the 1 kDa but not the  
4.6 kDa fluorescent dye, whereas TMHC6 disallowed both. Shown are the time 
courses of the median values of the histogram of Alexa Fluor 488/Ovalbumin 
conjugated to Alexa Fluor 647 (AF488/OA647) fluorescence (Extended Data 
Fig. 6e), which represents the concentration of the Alexa Fluor 488 inside the 
liposome. n = 7; data are mean (of the obtained median values) ± s.e.m. 
*P = 0.0128 (TMH4C4 vs control) and 0.0220 (TMH4C4 vs TMHC6); two-sided 
Student’s paired t-test. In control experiments performed with α-haemolysin 
from Staphylococcus aureus, a well-studied channel-forming protein33 with a 
pore constriction of approximately 15 Å, only the smaller dye accumulated 
(Extended Data Fig. 6f, g), suggesting that—as intended—the assay measures 
solute passage through the transmembrane pores.
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TMH4C4 (Fig. 3d), was purified to homogeneity using nickel-affinity 
chromatography and SEC (Extended Data Fig. 2f). Circular dichro-
ism spectroscopy showed that TMH4C4 was fully α-helical and was 
thermally stable up to 95 °C (Extended Data Fig. 5f). AUC experiments 
showed that TMH4C4 sedimented as a tetramer in detergent solution, 
consistent with the 16-helix design model (Extended Data Fig. 5h).

Expression of the designed larger transmembrane nanopore in insect 
cells resulted in cell death, probably because of induced cell permeabil-
ity; we were therefore unable to assess the channel activity in these cells. 
Instead, we used a liposome-based assay coupled to in vitro protein 
synthesis28–30. TMHC6 and TMH4C4 were produced inside liposomes 
containing streptavidin, and biotinylated Alexa Fluor 488 (which has 
a molecular mass of around 1 kDa) was added outside (Fig. 3e). SEC 
analysis revealed that the in vitro-synthesized TMHC6 and TMH4C4 
had similar elution volumes to the bacterially expressed and purified 
proteins (Extended Data Fig. 6a). Consistent with the much larger pore 
radius of TMH4C4 compared with TMHC6, we observed considerably 
more accumulation of dye within proteoliposomes containing only 
TMH4C4 than in proteoliposomes containing an equivalent amount 
of TMHC6, or in empty liposomes (Fig. 3f, Extended Data Fig. 6b, c, 
e). The narrowest dimension of the head group of the fluorophore 
is approximately 12 Å (Extended Data Fig. 6d), whereas the nominal 
diameter of the constriction region of the TMH4C4 pore is estimated 
to be 10 Å by HOLE; thermal fluctuations of the side chains and back-
bone probably allow for permeation by the fluorophore. By contrast, 
the 3.3 Å constriction of TMHC6 is far too narrow to allow the passage 
of fluorophores. Increasing the size of the fluorescent conjugate to  
4.6 kDa—by inserting polyadenine oligo DNA (A11) between Alexa Fluor 
488 and biotin—blocked passage through both the TMHC6 and the 
TMH4C4 pores (Fig. 3g), consistent with the estimated hydrodynamic 
diameter of this compound of 30 Å31.

In seeking to obtain an overall structure of the 16-helix transmem-
brane channel, we used cryogenic electron microscopy (cryo-EM) 
to determine the three-dimensional (3D) structure of TMH4C4. The 
protein was concentrated to around 6 mg ml−1, applied to EM grids, 
and cryo-EM images were collected and processed following standard 
protocols (Extended Data Fig. 7a–e). To avoid potential bias, C1 sym-
metry was applied for automatic image processing and classification; 
this yielded a dominant 16-helix form containing about 40% of all the 
3D classified particles with the most continuous and intact map among 
all classes. Further classification and refinement focused on this set of 
particles resulted in a 5.9 Å resolution map from 64,739 (out of a total 
of 1,559,110 for 3D classification) selected particles (Fig. 4a, Extended 
Data Fig. 7d, e, Extended Data Table 2). The cryo-EM structure clearly 
shows the formation of a 16-helix assembly with a large central pore, 
consistent with the design model built from the crystal structure of 
the soluble form (Fig. 4a). Density encircling the membrane-spanning 
region probably originates from surrounding detergent molecules 
(Extended Data Fig. 7e, f). A structure model of TMH4C4 built on the 
basis of the EM map (Fig. 4a, b) showed some deviation among the 
four protomers, so the tetramer is not perfectly symmetric (Fig. 4c); 
however, the central-pore-containing 16-helix structure corresponding 
to the original TMH4C4 design is clearly resolved, and aligns well with 
the design model (Fig. 4b).

Conclusion
Our advances in designing structurally well-defined transmembrane 
pores (for comparison to previous de novo membrane protein designs, 
see Extended Data Fig. 8), like advances in protein design generally8,10,32, 
both inform our understanding of general principles of protein bio-
physics and open the door for a wide range of applications. From the 
perspective of membrane-protein folding, our success in designing 
transmembrane homo-oligomeric structures with subunit interfaces 
that contain hydrogen-bond networks suggests that the combination 

of the substantial buried surface area and polarity of the interaction 
surfaces makes these structures robust to changes in the surrounding 
environment and reduces confounding effects that result from inter-
actions between the hydrophobic lipid-facing residues during fold-
ing. This approach enables the construction of substantial pores with 
environments very different from that of the surrounding lipids: the 
TMHC6 pore clearly shows selective transmembrane ion conductance, 
and the 10 Å-diameter TMH4C4 pore—clearly evident in the cryo-EM 
structure—is lined with polar residues and provides passage to solutes 
as large as biotinylated Alexa Fluor 488.

Our strategy—first designing soluble pore-containing structures 
and then converting the stable designs into transmembrane proteins 
after determination of the crystal structure—leverages the consider-
ably more straightforward structural characterization of soluble pro-
teins as a key step towards building complex transmembrane proteins 
with a high success rate (see Supplementary Information). Building on 
the channels described here, custom design now provides a platform 
through which to understand the underlying chemistry and physics of 
solute permeation and selectivity by modulating pore structures and 
selectivity filters in ways that are not possible with native channels, 
and also enables a wide range of applications. Among many possibili-
ties, custom-designed pores could provide new routes to generating 
membranes with selective permeabilities, sensing molecules in the 
environment, and controlling cellular behaviour.
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Fig. 4 | Cryo-EM structures of the 16-helix TMH4C4 transmembrane 
channel. a, Cryo-EM density (grey surface) and structure model (coloured 
ribbon) of the 16-helix TMH4C4 protein. Electron microscopy maps, generated 
in Chimera34, are shown in two perpendicular views. b, Superposition of the 
cryo-EM structure (coloured) and design model based on the crystal structure 
of the soluble form (grey) of TMH4C4. c, Structure alignment of the four 
protomers in one tetrameric cryo-EM structure of TMH4C4.

図２：ポア形成人工膜タンパク質のモデル構造と実際の構造。左が12回膜
貫通人工ポア形成膜タンパク質で、右２つが16回膜貫通膜タンパク質の構
造である。グレーが実験で決められた構造、カラーがモデル構造である。 
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図３：ポア形成人工膜タンパク質の機能解析。左が模式図。TMHC6 と
TMH4C4 がそれぞれ 0.4 と3 nmのポアを有することが予想される。 
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