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Abstract A library of artificial random proteins of 141 amino 
acid residues of which 95 are random and which includes the 20 
kinds of amino adds was prepared. Out of the 25 identified 
random proteins, 5 were soluble in the cell lysate, indicating that 
about 20% of the random proteins expressed in £schericMa ¢oli 
are expected to be soluble. The soluble random proteins RP3-42 
and RP3-45 and insoluble RP3-70 were purified. The solubility 
of the purified form is the same as that in the cell lysate. 
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1. Introduction 

Proteins, the most abundant macromolecules in the living 
cells, play various roles in either soluble or insoluble state. 
The solubility of a protein, hence, is one of the important 
factors for a protein to exert its biological functions and is 
controlled by amino acid composition, structure, and environ- 
mental conditions As proteins are linear polymers composed 
of 20 different kinds of amino acids: there are numerous pos- 
sible sequences for a protein to avail. For instance, with the 20 
amino acids available, there will be 2b 1°° possible sequences 
for a 100-residue protein. Of all these pc.,ssible sequences, the 
corresponding proteins can either be soluble or insoluble one. 
Therefore, as to what is the percentage of the possible se- 
quences that can bring forth proteins that are soluble is a 
basic question in the fields of protein physics, protein evolu- 
tion, and artificial enzymes. In this work, we have prepared a 
library of 141 amino acid residue proteins with random se- 
quences. The random sequences include the 20 kinds of amino 
acids. The state of the random proteins in the cells of Esche- 
richia coil as to their solubility was examined. Out of 25 pro- 
teins examined, 5 were soluble. Hence, about 20% of the ran- 
dom proteins with 141 residues are expected to be soluble. 

2. Material and methods 

2. i. Bacterial strain and plasmids 
The bacterial strain and plasmids used were Escherichia coil 

KP3998 (F- hsdS20 (r~ m~) ara-14 proA2 iacl q gaIK2 rpsL20 xyl.5 
mlt-! supE44 ~.-) [1], pUCI9 [2], pKPI500 [1], pET2a [3], pLED-M! 
[4], and two newly constructed plasmids pUCIL and pEOR (Fig. 1). 
The pUCIL and pEOR are derivatives of pUCI9 and pKPI500, 
respectively. E. coil KP3998 and pKPl500 were generously given by 
Dr. Takeyoshi Miki (Kyushu University). 

*Corresponding author. Fax: (81) (6) 879 7448. 

Abbreviations: PCR, polymerase chain reaction; bp, base pair; IPTO, 
isopropyl-~-D-thiogalactopyranoside; SDS-PAGE, SDS.polyacryla- 
mide gel electrophoresis 

2.2. DNA manipulation 
Preparation of plasmid DNA, enzyme reactions, and transforma- 

tion of E. coil cells were carried out as described by Maniatis et al. [5]. 
Nucleotide sequences were determined using a DNA sequencing kit 
(Sequencing PRO, Toyobo Co. Ltd., Osaka). 

2.3. Construction of random DNA libraries (RIMIX) 
The schematic diagram for library construction is illustrated in 

Fig. IA. The mixture of 140-met single-stranded oligonucleotides 
(Rl40ss) was synthesized by Toagosei Co., Ltd. (Tokyo) according 
to our design. RI40ss contains a randomized imrtion composed of 6 
repeated 16-mer random oligonucleotides flanked by fixed sequences 
which contain the primer sites for amplification and the restriction 
enzyme sites (Fig. IC). Rl40ss was made to the double-stranded 
form and amplified by the PCR method [6] using the Pl and P5 
primers. The PCR product was then isolated and digested with Barn. 
HI and Pstl. The BamHI.PstI fragments were purified by polyacryl- 
amide gel elect~ophoresis, and ligated with pUCIL that had been 
digested with BamHI and PstI. The ligated DNA was introduced 
into E. cell KP3998. Plasmid isolation was done on the cells col- 
lected from all the transformants (about 2.4× 104 colonies) grown on 
the plates containing 50 ttg/ml ampicillin. The obtained mixture of 
hybrid plasmids contains 1, 2 or 3 units of the randomized portion 
of R140ds (double stranded form of Rl40ss) and was named 
R1MIX. 

2.4. Construction of plasmids for random protein expression 
Fig. 1B shows the strategy used for protein expression. R IMIX was 

digested with Xhol and BglII, and the 119-bp DNA fragments con- 
taining 1 unit of the rando~;.~,ed portion were isolated by polyacryl- 
amide gel electrophoresis. To avoid complications in lengthening the 
randomized portion to several units, klMIX was also digested with 
Xhol and Kpnl to obtain the 233-bp DNA fragments containirg 
2 units of the randomized portion. The Xhol.Bglll and XhoI.Kp:d 
fragment.~ were ligated with pEOR that had been digested with Barn. 
HI and Kpnl. The digested pEOR vector maintains the Pt,~ promoter, 
an epitope tag of the first 11 codons for the T7 gene 10 protein [3], 
and the stop codons for all the three frames. Here, it should be noted 
that the ends produced by Bglll and BamHI can be ligated and the 
sites were eliminated after ligation. The constructed protein expression 
vectors containing 3 units of the randomized portion were then used 
to transform E. coli KP3998 for the production of random proteins. 

2.5. Expression, identification, and in rive solubility of random proteins 
E. coil KP3998 cells harboring the constructs were grown at 37°C 

on 2xTY medium [5] containing 50 ttg/ml ampicillin, IPTG (final 
cone., 1 raM) was added to the culture with OD000 of 0.6-0.8. 
IPTG induction was carried out for 2 h. The proteins in the cells 
before and after IPTG induction were analyzed by SDS-PAGE [7]. 
The cells before induction served as the negative control, The detected 
additional distinct band with an expected molecular weight (Mr 
14000-16000) were judged to be the random protein produced by 
cells after IPTG induction. The presence of random proteins were 
also identified by Western blot analysis [8] using a monoclonal anti- 
body directed against the epitope tag (Novagen, Inc., Madison, Wl). 

To test the solubility of the random proteins detected, cells after 
IPTG induction were disrupted by sonication. The supernatant and 
the precipitate obtained after centrifugation (12 000 x g for 10 rain) of 
the, disrupted cells were subjected to SDS-PAGE [7], A protein de- 
tected as a distinct unique band in the supernatant was evaluated as a 
soluble protein. 
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3. Rm~ts and discussion 

The genes encoding the artificial random proteins were de- 
signed with the following criteria: (1) all the 20 kinds of ami- 
no acids are included; (2) the length of the randomized por- 
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Fig. 2. Expression and solubility of random proteins RP3-04 (A), 
RP3-42 (B), and RP3-65 (C) and the deduced amino acid sequences 
of these woteins (D). The production of random proteins in the 
cells taken after IPTG induction were analyzed by SDS-PAGE [7]. 
The cells before IPTG induction ~vere also analyzed to serve as the 
negative control. The samples used to test the solubility of the ran- 
dom proteins were prepared as described in section 2. (a) Protein 
staiuing with Coomassie brilliant blue R250; (b) Western blot anal- 
ysis [8]. Lane M, marker protein:; lane l, whole cells before IPT(3 
induction; lane 2, whole cells after IPTG induction; lane 3, super- 
natant; lane 4, precipitate; lane 5, purified protein. The arrow in (a) 
indicates the position of each random protein. 

.=.) 

tion is about 100 amino acid residues; (3) the amino acid 
sequence is highly random; and (4) the mean value of the 
net charge of the random proteins is about +2. The above 
criteria were met by the synthesized randomized portion of 
RI40ss and the strategy of constructing the gene (Fig. l). It 
should be pointed out that no stop codons appear in all the 
six frames of the randomized portion even if frame shifts 
occur during the synthesis and construction, and that the 
mean value of the (3 + C content of Rl40ss is set to be 
53.5%, as high (3 + C content interferes with PCR reactions. 
In addition, the synthesis of the six repeated 16-mer oligonu- 
cleotides (l unit) with the strategy of ligating the units in- 
crease the randomness of the amino acid sequence in the 
protein library. 

The gene structures in the library of RIMIX (Fig. IA) were 
checked by analyzing the length of the Zhol-Bgfll fragment in 
the hybrid plasmids. Among the 10 clones randomly chosen 
from the 2.4 x l04 transformants, ? clones contained l unit of 
the random fragment of Rl40ds (Fig. IA), 2 had 2 units, and 
! had 3 units. The incorporation of 2 units of the random 
fragment presumably depends upon pUCIL being cleaved by 
only one restriction enzyme. The genes encoding artificial ran- 
dom proteins were constructed as shown in Fig. l B. The main 
part of the gene was prepared by ligating the mixture of ran- 
dom fragments of I-unit with that of the 2-unit. The genes 
containing the resulting 348-bp DNA fragm~:nts were designed 
to be expressed as fusion proteins with the epitope tag of the 
first I l amino acids for the T7 gene i0 protein [3] under the 
control of Ptac promoter (Fig. I B), Hence, the random pro- 
tein,~ are identified by their inductive expression with IPTG 
and by immunoblotting using an antibody directed against the 

Fig. I. Construction of plasmids for random protein expression. (A, 
B) Schematic diagram for the construction. (C) Nucleotide se- 
quences of the EeoRI-Hindlll fragments of pUCIL and pEOR illu- 
strated in A and B, respectively, and the sequence of Rl40ss. The 
plasmid pUCIL was constructed by replacing the whole of the mul- 
ticloning site of pUCI9 [2] with the EcoRI-Hindlll fragment shown 
in C. For the construction of pEOR, pET2a [3] was digested with 
Ndel and BamHl, and the Ndel.BamHl fragment containing the 
epitope tag was recovered and ligated to pLED-MI [4] that had 
been digested with the same enzymes. The resulting plasmid (pRF- 
12) was then digested with BamHl and Hindlll prior to ligation 
with a synthetic oligonucleotide (BamHI-Hindlll fragment) contain- 
ing the stop codons as shown in C. Restriction sites are abbreviated 
as follows: B, BamHl; Bg, Bglll; E, EcoRl; H, Hindlll; K, Kpnl; 
N, Ndel; P, PstI; S, Sall; Sc, Sacl; X, Xkol. Other abbreviations 
are: BAP, bacterial alkaline phosphatase; Amp r, ampicillin-resist- 
ance-¢oding region; Ptac, tac promoter. In C, the,. epitope tag of the 
first II codons for the T? gene I0 protein and the stop-codon re- 
gion in the fragment of pEOR, and the randomized portion of 
Rl40ss are outlined in black. 
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epitope tag. It should be pointed out that as a result of the 
libation of two of the 1-unit fragment as shown in Fig. 1A, 
there are two possible types of 2-unit in the R IMIX. How- 
ever, we could only find one of the type (2-unit ligated at the 
Pstl site) in the sequences of the 348-bp fragments isolated 
from the examined 10 clones (see below). This may be due to 
the fact that PstI digestion is less efficient than BamHl diges- 
tion. Hence, we suppose that most 348-bp fragments in the 
library have the structure shown on Fig. lB. 

If no deletions and insertions occurred during the construc- 
tion of the gene library, the genes are expected to encode 
random proteins with 141 amino acid residues. The proteins 
include fixed amino acid sequences of 17 residues at the N 
terminal, 5 residues between the first and second random 
units, 2 residues between the second and third random units, 
and 22 residues at the C terminal. The first and second ran- 
domia~d portions are composed of 32 residues, and the third 
31, The average amino acid composition of the random pro- 
teins in the library is expected to be Ala, 6.0; Glu, 3.7; Gin, 
6,1; Asp, 3.8; Asn, 3.2; Leu, 9.4; Gly, 12,8; Lys, 2.4; Set, 
11,6; Val, 3,4; Arg, 6.7; Thr, 3.0; Pro, 10,6; lie, 4.6; Met, 
2.9; Phe, 3,1; Tyr, 0.7; Cys, 0.4; Trp, 4.3; and His, 1.3%. 

The hybrid plasmids containing the genes coding for the 
random proteins were introduced into £, coil KP3998 cells, 
and about 13,000 ampieillin-resistant transformants were ob- 
tained. Out of the hybrid plasmids isolated from 81 randomly 
chosen transformants, 70 were found to contain the expected 
size of the Ndel.Bgfll fragments, Hence, the 70 transformants 
harboring these plasmids were cultivated and subjected to 
IPTG induction as described under section 2. SDS-PAGE 
analysis showed that 35 transformants clearly produced 
lPTG-inducible random proteins with the expected molecular 
weight of about 14-16 kDa. The Western blot analysis [8] of 
the cells of the randomly chosen 25 transformants from the 35 
showed that the lPTG-inducible protein bands on SDS-PAGE 
contain the epitope tag. Some of the results are shown in 
F~. 2. 

The solubility of the detected 25 random proteins was ex- 
amined as described under section 2. The proteins detected in 
the supernatant are classified as soluble, and those not de- 
tected as insoluble, Among the proteins tested, $ are soluble 
and are designated as RP3-04, RP3-29, RP3-42, RP3.45, and 
RP3.84, These restdts indicate that about 20% of the random 
proteins e x p r e t ~  in £ coil are ~xpected to be soluble. The 
SDS.PAGE of the soluble (RP3-04 and RP342) and the in. 
soluble (RP3-6S) proteins are shown in Fig. 2. It should be 
noted that with RP3.04, the protein is also detected in the 
pt~r.ipitate, indicating a lower solubility than that of RP3. 
42, a protein detected only in the supernatant. 

The soluble proteins RP3-42 and RP3-45 were purified by 
subsequent heat treatment (65°C, 25 min), ammonium sulfate 
precipitation, and DEAE-Sepharose column chromatography. 
The purified RP3-42 and RP3-45 are electrophoretically 
homogeneous as shown in Fig. 2 for RP3-42. The purified 
form of both proteins are soluble as defined. On the other 
hand, the purification of the insoluble protein RP3-70 was 
carried out by preparative SDS-PAGE. When the purified 
RP3-70 finally dissolved in 5 M urea was dialyzed against 
water, the protein precipitated, hence is insoluble. Therefore, 
the solubility of the purified form is in good agreement with 
the results from the crude level. We are now investigating the 
properties of the purified proteins and the results will be pub- 
lished elsewhere. 

Nueleotide sequences of the genes encoding all the five so- 
luble proteins and five arbitrarily chosen insoluble proteins 
were identified. All the proteins were found to have different 
deduced amino acid sequences. The deduced amino acid se- 
quences of RP3.04, RP3-42, and RP3-65 are shown in Fig. 
2D. In the synthesis of the randomized pot'tion of R 140ss, the 
mixed base solutions were programmed to have equal concen- 
tration of each of the bases, However, we f,~ut~d that T and G 
have a higher tendency to be incorporated than C and A 
(Table 1). In addition, different deletion sites within the ran- 
dom parts of the genes were also fo~nd, that is, 2 for RP3-42, 
RP3-45, and RP3-54, 3 for RP.;.64, and 1 for RP3-65. It 
should be noted that these frame shifts do not lower the 
efficiency of the random proteins to be explessed but rather 
increase the variety of the library owing to our design of 
R140ss (Fig. 1C). 

Recently, Davidson and Sauer have reported that from the 
library of 80- to 100-residue proteins which is composed 
mainly of random combinations of glutamine, leucine, and 
arginine, no proteins were found to be soluble without the 
aid of denaturants [10]. When the average leucine content 
was reduced from 40% to 28%, Davidson et al. found two 
soluble proteins out of eleven [11]. The contents of the non- 
polar residues in RP3.04, RP3-42, and RP3-65 calculated 
from the sequences shown in Fig. 2D are 56, 51, and 60%, 
respectively. These results suggest that the solubility of pro- 
teins is partially governed by hydrophobieity. However, sta- 
tistical analysis will be needed to give a conclusive correlation 
between the solubility and the amino acid composition of the 
proteins. The accumulation of sequence data of the random 
proteins is now in progress for such analysis. 

In this work, it was found that about 20% of the randomly 
prepared proteins with 141 amino acid residues are expected 
to be soluble. This indicates that significant number of pro- 
teins emerged randomly in the course of evolution could be 

Table I 
Efficiency of base incorporation at the randomized sites 

Randomheed site No. of incorporation of 

A T G C Total 
A, 1", G or C 76 (21%) 105 (30%) 106 (30%) 69 (19°/o) 356 
A, T or O 57 (32%) 75 (42%) 48 (27%) - 180 
A, T or C 68 (39%) 61 (35%) - 47 (27%) 176 
A or O 239 (46%) - 286 (55%) - 525 
T or C - 300 (57%) - 228 (43%) 528 

The amber of bases at the randomized sites was counted from the 10 nucleotide sequences encoding the 5 soluble proteins (RP3.04, RP3-29, 
R ~  RP3.45, and RP3-54) and 5 arbitrarily chosen insoluble proteins (RP3-61, RP3-64, RP3-65, RP3-66, and RP3-70). The sites affected 
by deletion were not counted. 
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soluble. As the soluble random proteins are newly expressed 
in the cells, they can be noted as initial proteins in the course 
of evolution. Hence, these proteins can serve as a good model 
of ancestral proteins in the study of enzyme evolution, and 
may as well lead us to the statement of soluble enzymes 
known today arise from the line of soluble ancestry. 
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