
METHODS AND APPLICATIONS

High-throughput instant quantification of
protein expression and purity based on
photoactive yellow protein turn off/on label

Youngmin Kim,1,2 Prabhakar Ganesan,1,2 and Hyotcherl Ihee1,2*

1Department of Chemistry, KAIST, Daejeon, 305-701, Republic of Korea
2Center for Nanomaterials and Chemical Reactions, Institute for Basic Science, Daejeon, 305-701, Republic of Korea

Received 23 February 2013; Revised 11 May 2013; Accepted 14 May 2013
DOI: 10.1002/pro.2286
Published online 5 June 2013 proteinscience.org

Abstract: Quantifying the concentration and purity of a target protein is essential for high-

throughput protein expression test and rapid screening of highly soluble proteins. However, con-
ventional methods such as PAGE and dot blot assay generally involve multiple time-consuming

tasks requiring hours or do not allow instant quantification. Here, we demonstrate a new method

based on the Photoactive yellow protein turn Off/On Label (POOL) system that can instantly quan-
tify the concentration and purity of a target protein. The main idea of POOL is to use Photoactive

Yellow Protein (PYP), or its miniaturized version, as a fusion partner of the target protein. The char-

acteristic blue light absorption and the consequent yellow color of PYP is absent when initially
expressed without its chromophore, but can be turned on by binding its chromophore, p-coumaric

acid. The appearance of yellow color upon adding a precursor of chromophore to the co-

expressed PYP can be used to check the expression amount of the target protein via visual inspec-
tion within a few seconds as well as to quantify its concentration and purity with the aid of a spec-

trometer within a few minutes. The concentrations measured by the POOL method, which usually

takes a few minutes, show excellent agreement with those by the BCA Kit, which usually takes ~1
h. We demonstrate the applicability of POOL in E. coli, insect, and mammalian cells, and for high-

throughput protein expression screening.
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Introduction
Biophysical and biochemical investigations of protein

structure and function often rely on the availability

of a large amount of a protein sample. To meet this

demand, proteins are commonly overexpressed by

recombinant technology and purified using affinity

chromatography techniques.1–11 During such proc-

esses, considerable time and effort is spent to esti-

mate the quantity and purity of the expressed target

protein.12 A standard procedure for protein purifica-

tion involves running PAGE multiple times to mea-

sure the expression rate, the concentration of the

target protein, and the purities of all the fractions

Abbreviations: GFP, green fluorescence protein; Mb, myoglo-
bin; MerP, mercury binding peptide; PAGE, Poly Acrylamide
Gel Electrophoresis; POOL, PYP turn Off/On Label; PYP,
Photoactive Yellow Protein; SUMO, Small Ubiquitin like Modi-
fier protein; TLR3, toll-like receptor 3
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eluted from chromatography to identify the fractions

containing the target protein.13 PAGE requires a

variety of equipment and involves many time-

consuming tasks.14 Herein, we report a complemen-

tary method that facilitates expression test and

quantification of concentration and purity without

running several PAGEs.

The main idea of the new method is to use Photo-

active Yellow Protein (PYP), or its truncated version,

as a fusion partner with an affinity tag [Fig. 1(A)].

Although making the gene construct of a target pro-

tein, one can use PYP with an affinity tag as a tag-

ging partner. PYP is a small (�14 kDa) and highly

soluble protein manifesting in Halorhodospira halo-

phila and carries out the first step of phototaxis sig-

nal transduction via changing its structure upon

absorbing blue light.15–30 Because PYP appears in

only one species, there is no need to make PYP-

deficient cells, and thus PYP is appropriate for global

tagging. PYP has p-coumaric acid as its chromophore.

In the absence of chromophore, the apo PYP has no

absorption in the visible region, but the holo PYP

bound with the chromophore strongly absorbs in the

visible region, exhibiting intense yellow color. This

property makes PYP a useful Off/On system31–33 that

we named PYP turn Off/On Label (POOL). During

the protein expression, chromophore-deficient apo-

PYP is co-expressed with the target protein. The

appearance of yellow color after adding a precursor of

chromophore to the co-expressed PYP can be used to

check the expression of the target protein via visual

inspection within a few seconds. In addition, the

extinction coefficient of PYP is high and well estab-

lished (45,500 M21 cm21 at 446 nm for the wild type

and 53,800 M21 cm21 at 460 nm for the E46Q

mutant),34 and thus it is possible to detect the exact

amount of target protein by measuring the UV–VIS

spectrum. Moreover, POOL is capable of estimating

the purity of the target protein based on the ratio of

absorbance at 280 nm and 460 nm (see below).

Results

Instant colorimetric inspection of protein

expression level and amount of target protein
during purification

The usefulness of POOL was tested for a number of

model target proteins. E46Q mutant PYP was used

instead of the wild type because the higher extinc-

tion coefficient of E46Q35 provides slightly higher

sensitivity than the wild type. The first model pro-

tein was Small Ubiquitin like Modifier protein

(SUMO) that has 98 amino acids (10,780 Da).36,37 A

precursor of chromophore, anhydride p-coumaric

acid,31 was added to the SUMO-POOL-expressed cell

lysate to check the appearance of yellow color. As

shown in the Figure 2(A), prior to the addition of

the precursor of chromophore, the cell lysate (1 mL

of cultured medium) had no visible color. Upon the

Figure 1. Schematic representation of the POOL system and comparison with the conventional PAGE method. (A) POOL with-

out chromophore is co-expressed with target protein. Upon addition of a precursor of chromophore, POOL exhibits yellow

color, thereby signaling the expression of the target protein. (B) POOL reduces time-consuming steps that take over several

hours when using PAGE.
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addition of the precursor of chromophore, the sample

immediately exhibited a yellowish color. One can

even approximate the amount of the target protein

by comparing the color with those of standard solu-

tions containing PYP at various known concentra-

tions. We could clearly see that the concentration of

the target protein is between 10 and 60 lM as

shown in Figure 2(C). To enhance the reliability of

the practice, as a control, we added the precursor of

chromophore to the E. coli lysate in which only the

enterokinase38,39 was expressed. The fraction exhib-

ited no visible color, even after the addition of the

precursor of chromophore.

This advantage of POOL is even more pro-

nounced in the protein purification steps. Each frac-

tion from various protein separation procedures,

such as affinity chromatography or ion-exchange

chromatography, can be directly examined by POOL.

Figure 3 shows several eluted fractions after the ion

exchange chromatography and a comparison

between the results of PAGE and POOL. The pres-

ence of strong yellow color in the eluted fractions

indicates the presence of the target protein (SUMO

in this case), which is double confirmed by PAGE

gels and UV–Visible spectra. The fraction without

yellow color does not have the target protein and the

fraction with yellow color has high concentration of

the target protein. The UV–Visible spectra show con-

sistent results; the fraction without yellow color has

no peak near 460 nm and the fraction with yellow

color has a dominant peak near 460 nm. Therefore

one can select the fractions containing the target

protein on the basis of the presence of yellow color,

and thus can save time because the collection of the

fractions can be immediately stopped as soon as the

fraction lacking yellow color starts to be eluted.

Rapid determination of the target protein

concentration with a UV–Visible spectrometer

More accurate and sensitive quantification of the tar-

get protein concentration can be achieved by meas-

uring the UV–Visible spectrum instead of the visual

colorimetric detection. After the addition of the pre-

cursor of chromophore, the lysate containing a POOL

fusion protein showed a distinguishable peak near

the 460 nm region of the UV–Visible spectrum. The

concentration can be easily calculated by using the

following simple relation based on Bear-Lambert law,

Concentration5
A4602B460

53:8
mM (1)

where A460 and B460 are the absorbances at 460 nm

after and before chromophore addition and the path

Figure 2. Quantification of the target protein with/without the POOL system by observing the color change and UV–Visible

spectroscopy. This figure shows a comparison of the color difference and UV–Visible spectra before and after adding a precur-

sor of chromophore. (A) The color change with/without POOL. The first corresponds to SUMO–POOL fusion protein before add-

ing a precursor of chromophore. The second corresponds to SUMO–POOL fusion protein after adding a precursor of

chromophore. The third corresponds to a target protein not fused with POOL after the addition of a precursor of chromophore.

(B) UV–Visible spectra corresponding to (A). The blue, red and black curves correspond to the first, second and third cases of

(A), respectively. (C) Standard reference solutions used for estimating the concentration. (D) Comparison of the protein concen-

tration measured by the BCA method and POOL method. The slope is 0.99 with a mean error of �4%.
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length of the cell is assumed to be 1 cm. B460 is

taken into account because E. coli extract solution

sometimes have absorption at 460 nm. In the

SUMO-POOL case, the absorbances at 460 nm of

the solution diluted by a factor of 60 were 0 and

0.022, respectively, before and after chromophore

addition. Thus, according to Eq. (1), the concentra-

tion is 0.0245 mM, which is consistent with the

result obtained from the colorimetric method. To

provide quantitative evidence for the accuracy of the

POOL-assisted quantification, we measured the pro-

tein concentration by using a commercially available

tool, the BCA kit (Pierce, Thermo Scientific, Rock-

ford, IL) and compared the results with those of

POOL. For this, we purified SUMO-PYP without

chromophore and prepared solutions of various con-

centrations. Their concentrations were measured by

both the BCA Kit and the POOL method. As can be

seen in Figure 2(D), the resulting concentrations

show satisfactory correlation with the slope of 0.99.

We note that the time consumed for the measure-

ments were �1 h and a few minutes for the BCA Kit

and POOL, respectively. The concentration deter-

mined by POOL shows �4% deviation compared

with that by the BCA Kit.

Rapid determination of the target protein purity
during protein purification

After purification by chromatography, the purity, as

well as the concentration of the target protein, can

be easily estimated by using a UV–Visible spectrom-

eter or a microplate absorbance reader using the fol-

lowing equation,

Purity5
amount of POOL

amount of total protein

5
ðA460=53; 800Þ3ðY1MWÞ

A280

(2)

A460 is the absorbance at 460 nm, A280 is the

absorbance at 280 nm, Y is the molecular weight of

PYP or it mutant, and MW is the molecular weight

of the target protein. Here, the rather crude approxi-

mation that A280 roughly corresponds to the concen-

tration (mg/mL) of all proteins in the solution is

used.40 If one selects several fractions from chroma-

tography where the yellow color begins and ends

and measures the absorbance at 280 and 460 nm to

identify their corresponding purities, it becomes

very easy to determine the fractions containing the

target protein with enough concentration and purity.

Thus, running PAGE for every single eluted fraction

to identify the fractions containing the target pro-

tein becomes unnecessary. If a microplate absorb-

ance reader capable of simultaneously measuring

the UV–Visible spectra of several wells is used, the

entire process would take only a few minutes.

Application of POOL for high-throughput pro-
tein expression screening

We applied POOL to high-throughput expression

screening to obtain optimal conditions for protein

expression for human calmodulin, mercury binding

peptide (MerP),41 and horse myoglobin (Mb). We

used a microplate absorbance reader and measured

the absorbance at 460 nm to determine the degree of

target protein expression and calculated the concen-

tration (Fig. 4); the testing yielded the results con-

sistent with those obtained by the colorimetric

method. Figure 4 shows that the addition of a chro-

mophore precursor induces an immediate color

change for the target protein. Therefore, it is possi-

ble to obtain an approximate measure of quantity of

the expressed protein through the instant colorimet-

ric method and thus to determine the optimal

expression condition for the target protein. Under

Figure 3. Eluted fractions (middle) of SUMO–POOL fusion protein via ion-exchange chromatography, their corresponding

PAGE gels (upper) and UV–Visible spectra (bottom), and the merits and disadvantages of PAGE and POOL.
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our testing conditions, we can see that the human

calmodulin expression reaches its maximum at 18�C

with the IPTG concentration of 0.2 mM using

pQE80L vector. Furthermore, mercury binding

peptides are well expressed under all conditions and

the horse myoglobin shows a similar trend to that of

human calmodulin. These tests prove that the

simplistic nature of the POOL method allows con-

venient high-throughput protein expression screen-

ing to obtain optimal conditions for soluble protein

expression.

Application of POOL to eukaryote cells

POOL is also applicable to target proteins expressed

in eukaryote cells. We checked the expression of the

membrane protein CD40 in the mammalian 293 cell

line and the truncated TLR3 (toll-like receptor 3

without transmembrane domain) in the insect Sf9

cell line42,43 (Supporting Information Fig. S4). In

both cases, we could easily perform an expression

test simply by adding the chromophore precursor.

Making mini-PYP for POOL
Although the full-length PYP is highly soluble and

does not interfere with the expression of other pro-

teins, a tag of a smaller size is preferred because it

is generally expected to interfere less with the

expression of the target protein.44 Through

recombinant-biotechnology approaches, we have

identified the most basic segment of PYP capable of

binding to deprotonated p-coumaric acid and thus

being used as a POOL tag. We tested various

N-terminal and C-terminal deletion mutants of PYP

fused with SUMO (Fig. 5). First, we produced eight

types of N-terminal deletion mutants [deletion of

residues 1–5 (N5), 1–10 (N10), 1–18 (N18), 1–27

(N27), 1–31 (N31), 1–40 (N40), 1–42 (N42), and 1–46

(N46)] and three types of C-terminal deletion

mutants [deletion of residues 73–125 (C53), 107–125

(C18), and 117–125 (C8)]. Of all the deletion

mutants, three mutants, N15, N10 and N18, show

consistent color change, whereas the rest initially

show yellow color but gradually lose their color

within several minutes. Actually, all the tested

Figure 4. Optimization of the expression condition by high-throughput protein expression screening aided by POOL for human

calmodulin. To determine the best expression condition of human calmodulin and to study the efficiency of POOL, the E. coli

lysate with the constructs with and without POOL were tested. The color change is not observed in the wells containing cell

lysate without POOL. The optimal expression condition can be identified simply by the addition of a precursor of chromophore.

The measured concentration is shown for each well.

Figure 5. Results of calorimetric screening of PYP deletion

mutants. The color change of 12 deletion mutants upon add-

ing a precursor of chromophore is shown. Persistent color

change was observed for N5, N10, and N18, but the rest of

the N-terminal deletion mutants and all C-terminal deletion

mutants showed weak color change that gradually faded.

The N27C18 deletion mutant can be still used to check

expression of the target protein as it shows color change for

a few minutes.
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mutants can be used to check expressions as the

color persisted for at least more than half a minute.

We also designed truncated PYP by removing both

the N-terminal and C-terminal residues (deletion of

residues 1–27 and 107–125 (N27C18)).44 This mini-

PYP that has the 28–106 residues of the original

PYP can be also used as a POOL tag. However, to

obtain an accurate value of concentration and purity,

at least the N18 mutant should be used.

Discussion
The genetically engineered POOL enables us to

instantly quantify the concentration and purity of a

target protein, thereby aiding the protein expression

and purification. This confirms that, with POOL,

one can check the amount of protein expression by

simply observing the color change, and thus signifi-

cantly reduces the time required for checking the

amount of protein expression. For example, on aver-

age the usage of PAGE for checking protein expres-

sion requires several hours, whereas the POOL

approach requires only a few seconds. UV–Visible

absorbance measurement allows determination of

the concentration and purity of the target protein

within a few minutes. The concentrations measured

by the POOL method, which usually takes a few

minutes, show an excellent correlation with those by

the BCA Kit, which usually takes �1 h [Fig. 2(D)].

POOL also allows instant approximation of the

amount of protein in the fractions after chromatog-

raphy by simply comparing colors and easy selection

of the fractions containing the highly pure target

protein. POOL can be used in eukaryotic cells as

well as E. coli. For example, even if the membrane

protein CD40 has a low expression rate, we could

detect color change in the cell lysate upon addition

of the chromophore precursor.

The instant turn/on property of POOL makes it

an excellent method for high-throughput expression

screening. Conventional methods for high-

throughput sample detection45–49 and quantification

such as affinity columns, PAGEs, and immune-

detection of dot blots via usage of antibodies50

demand significant time and effort or lack accuracy.

Compared to those methods, POOL affords easy fast

and accurate high-throughput screening. Using

POOL together with a microplate absorbance reader

can also yield accurate measurements since a spec-

trometer possesses high sensitivity. The high sensi-

tivity of POOL eliminates the need for the step of

concentration via capture, such as affinity column

chromatography. POOL may be comparable to the

high-throughput protein expression screening51,52

using GFP as a fluorescence tag. In addition, the

turn-on property and the smaller size (see below) of

POOL may provide additional advantages.

When compared with the other protein tag tech-

niques, POOL has the following advantages. First,

POOL is very soluble, has a small size of about half

the size of GFP (26.9 kDa), a well-known tag,53–55

and does not disturb the expression and solubility of

a target protein. Furthermore, even smaller versions

of PYP can be employed by utilizing the minimal

segment of PYP. For example, POOL sometimes

appears to assist the expression rate and solubility

(Supporting Information Fig. S2) of a target protein.

This characteristic of POOL may be associated with

high expression rate and solubility of recombinant

PYP in the E. coli cells. For example, a recombinant

PYP construct can produce about 50 mg of soluble

protein per liter of E. coli culture.19,56 Second, if we

have to tag other proteins that have inherent visible

color, such as GFP, LOV2, BLUF, and cytochrome c,

it is difficult to distinguish whether the color is due

to contamination, or due to other proteins or pig-

ments expressed in the cell, or by the target protein

itself. However, using the turn/on property of POOL

upon addition of the chromophore, one can precisely

distinguish whether the color change is due to the

fused tag protein or some other factors. Neverthe-

less, POOL has the following limitations. First, if

the function of the target protein is greatly inter-

fered by external amino acids, POOL, which acts as

external amino acids, can cause problems. This prob-

lem is also commonly observed in other protein tags.

Second, as in the case of other protein tags, we have

to use a protease to cleave the target protein from

the POOL product. However, this could be overcome

by using an autoprocessing enzyme tag.57 Using the

POOL approach requires construction of the initial

target-POOL fusion protein and cleavage step after-

wards. However in the case where a fusion tag such

as MBP,58,59 His,60,61 and TRX62,63 has to be used

for the purification purpose, incorporating POOL

does not impose any extra effort. In addition, the

vectors designed for incorporating any new target

protein gene with POOL are already constructed

and available (see Materials and Methods). In con-

clusion we expect that POOL can be a useful method

for many applications such as protein expression

test, purity check, purification and high throughput

protein expression screening.

Materials and Methods

Cloning for application of POOL

The gene of a target protein was cloned to a recombi-

nant vector along with the PYP gene in either the

N-terminal or C-terminal side. The gene cloning was

performed in a manner shown in Supporting Infor-

mation Figure S1. We used the pQE or pET vector

systems, but any vector can be used as the base. The

PYP gene was inserted into the base vector without

the stop codon. In addition to this, a restriction

enzyme site, which is used for subcloning both the

protease recognition site and the target protein
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simultaneously, is inserted into either the left or right

side of the PYP gene depending on the relative posi-

tion of the target protein gene with respect to the

PYP gene. Any typical protease recognition site can

be introduced. We used a protease having a tag (in

our case, the his tag) identical to the tag of PYP so

that both the protease and the cut PYP can be

removed by a single affinity chromatography. We

tested the usefulness of POOL by inserting calmodu-

lin, SUMO, horse myoglobin, and mercury binding

peptide (MerP) into the pQE80 and pQE30 vectors.

All the cloning procedures were conducted using the

EZ-cloning kit (enzynomicsTM) according to the

EZ-cloning kit manual. We have made two vectors

optimized for cloning (pQE80L 1 His tag 1 POOL 1

protease recognition site 1 cloning site and pET15b

1 cloning site 1 protease recognition site 1 POOL 1

His tag) (Supporting Information Fig. S1), which can

be provided upon request. The details of the cloning

experiments performed in this study are described in

Supporting Information.

High-throughput protein expression screening
High-throughput protein expression test was con-

ducted by growing small scale cell cultures on two

24-well plates. The expression condition of a target

protein was tested by using various combinations of

IPTG concentration (1 and 0.2 mM), temperature (37

and 18�C) and vector (pQE80 and pQE30). After soni-

cation of cultured cells, the cell lysate was centri-

fuged (HANIL Science Industrial Co. Ltd, Combi-

514R) and the supernatant was transferred to a new

24-well plate. The absorbances at 280 and 460 nm of

the supernatant were measured using a microplate

absorbance reader (Bio-RAD Laboratories, INC.

xMarkTM). Then the precursor of chromophore was

added to the supernatant for inspecting the color

change. The concentration of the expressed target

protein at each well can be easily estimated by com-

paring its yellow color with those of the standard ref-

erence solutions of known concentrations. For more

quantitative measurement of concentration and

purity, the absorbance at 460 nm has to be measured

again using the microplate absorbance reader.

Mini-photoactive yellow protein expression and

quantification
We checked the solubility and the expression of the

SUMO-mini-POOL. All the constructs were trans-

formed into the E. coli BL21 (DE3) cell line and

transferred to a 24-well plate. The subsequent proce-

dures are identical to those described for the preced-

ing section (high throughput protein expression

screening).
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