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ABSTRACT This work was done to investigate the two-hybrid experiment for finding protein-protein interactions to explain the
asymmetry found in the experimental data, and to help screen the data for high confidence interactions. By looking at the bait-prey
experimental setup the resulting protein interaction network can be examined as a directed network (bait / prey). We have
investigated two possible scenarios for the asymmetry in the directed network by developing a biochemical model for the protein-
DNA and protein-protein bindings inside the living yeast. One scenario assumes a background activity of bait proteins acting even
without the prey, the other scenario explores the asymmetry in the chemistry associated with the bait being automatically located
in the right position on the DNA. We conclude that the latter model gives the best description of the observed asymmetry.

INTRODUCTION

Protein-protein interactions are central for both signaling and

structures inside living cells. These interactions can be studied

in different ways. One example is to examine complexes for-

med around a tagged protein with mass spectrometry (1–3);

another is to use the two-hybrid method (4–10). In this in vivo

method each potential protein interaction is tested by linking

one partner to the DNA binding subunit of a transcription

factor (bait), and linking the other protein to the subunit that

recruits/activates the RNA polymerase (prey). Thereby the

activity of the transcribed gene provides information about the

strength of the bait-prey interaction. However, as pointed out

by the literature (11,12), there are systematic biases in the bait-

prey setup. In this article we discuss some of these biases, and

present a frame to validate their respective impact on the

obtained protein networks.

Constructing a model for the two-hybrid detector could be

of great importance if it is to be used to examine protein-

protein interactions on a large scale. A model of the system

can help to improve the experimental setup and help to screen

the data for the most reliable interactions. The work pre-

sented here is meant to give an idea of some features that are

of importance for the two-hybrid experiment.

RESULTS AND DISCUSSION

Experimental data from large-scale two-hybrid experiments

(6,8) was examined and as seen in Fig. 1 there is a systematic

difference in connectivity between bait and prey. This dif-

ference comes from the bait-prey experimental setup, and the

resulting network should thus be examined as a directed

network (bait / prey). Further, the asymmetry of the data

can be quantified in terms of a systematic tendency with

proteins acting as bait having larger connectivity than the

same proteins acting as prey.

This asymmetry was investigated by two models; see Fig.

2 and the Method section. The left panel, model I, in Fig. 2

assumes a background activity of bait proteins acting even

without the prey (random firing), and the right panel, model

II, explores the asymmetry in the chemistry associated with

bait being automatically located in the right position on the

DNA (sequestering).

Our model I corresponds to the standard explanation for

bait-prey bias due to some baits acting as autoactivators—an

explanation that at least is right to the extent that a number of

proteins are known to activate the reporter gene independent

of which prey they are tested with. In large-scale screens

these proteins are removed from the data. But other proteins

that in themselves weakly activate the reporter might be

detected as interaction partners to proteins with which they

only interact weakly.

In our investigation we deal with a total of five networks:

a), the real network of protein interactions in the cell, hence-

forth called the ‘‘real network’’; b), the two-hybrid exper-

iment gives us the ‘‘observed network’’; c), we create a

‘‘simulated network’’, and on this simulated network we

perform the two different simulated two-hybrid experiments

just mentioned, d), model I (random firing); and e), model II

(sequestering).

The situation is like reconstructing collision events in

nuclear or high energy physics on basis of the incomplete

data obtained from the detectors. Thus we want to analyze a

situation where

original network/observed network; (1)

for both the real/experimental system, and our simulated/

model image.

The results from the two models (see Method section and

the Supplementary Material) with different values of the
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parameters used can be seen in Figs. 3 and 4. In Fig. 3 we

have investigated the models where we for simplicity have

assumed all proteins in the cell to have the same total

concentration. For model I (A) we do not see a clear dif-

ference between bait and prey, whereas for model II (B) we
see clearly different trends for the two. To see whether this

effect would still be present if the protein concentrations

of bait and prey were systematically higher than that of other

individual proteins, Fig. 4 shows the effects of assuming the

total concentrations of the bait and prey to be 10 times that of

other proteins. This is relevant because bait and prey are

typically expressed on multicopy plasmids. Fig. 4 demon-

strate that the systematic differences between bait and prey

persists at this more realistic setup, although the effects are

less pronounced than for the parameters used in Fig. 3.

To test the robustness of our results against the simplified

assumption of having equal concentrations of proteins in the

cell we also performed simulations where protein concen-

trations were drawn from a more realistic distribution. We

have chosen to use a distribution similar to the distribution

experimentally found by Ghaemmaghami et al. (13), where

the protein concentrations are log-normal distributed. To fit

our model we gave the protein concentrations log-normal

distributed between 0.01 and 5 with a mean value of ;1.

Overall, such variations tend to decrease the difference

between bait and prey connectivity. However, for larger

values of the detection threshold, T, the findings from above

are nicely reproduced. With varying protein concentrations,

the random firing model I always fails to obtain noticeable

difference between bait and prey connectivity. In contrast

the sequestering model II predicts substantial bait-prey

asymmetry for any distribution of protein concentrations,

provided a sufficiently large threshold is used. In the Sup-

plementary Material we show figures that substantiate the

robustness of our conclusions with respect to initial protein

concentrations and choice of threshold values.

Of the two hypotheses for the asymmetry we conclude that

model II provides the best explanation for the observed

features. For example model II is completely consistent with

the fact that more proteins act as prey than as bait. We also

find that the high connectivities are mostly seen for proteins

functioning as bait, an effect not nearly as pronounced in

model I. The fact that proteins with prey connectivity kprey ¼
0 has surprisingly high values of bait connectivity kbait, is
also better explained by the sequestering model II. One ex-

planation of this effect could be that if the connectivity of a

protein is very large, the free concentration of the protein will

be small; see Fig. 2. When a bait protein has a small con-

centration, we can imagine that because of the very strong

FIGURE 1 (A and B) Shown is the total connectivity dis-
tribution in Ito’s (3) two-hybrid data, and the same de-

composed into bait and prey parts. Panel A is the full data

set and panel B is the high confidence core data.

FIGURE 2 The two alternative models for detecting activity of a given

bait-prey set. The left panel, model I, shows a schematic representation of

the random firing model where bait alone on the DNA operator site gives rise

to some transcription (top). The bait-prey complex gives full transcription

(middle) and bait bound to other proteins block for any transcription

(bottom). The right panel, Model II, shows the sequestering model. A bait

alone gives no transcription (top). A small free bait concentration does not

affect production, because the free bait available will be more localized

around the DNA since the binding to the DNA operator site is very strong

(middle). However, a small free prey concentration will affect production

because of the small amount of prey being localized at the right place, since

the binding to bait is not strong enough to affect the concentration of prey

around the DNA (bottom).
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binding to the DNA operator site it will be located close to

the DNA at all times. For the prey protein, however, this

effect does not exist. Here the binding to DNA is only a

result of the binding to the bait protein, and this is expected

to be a weaker interaction. Proteins with a small free con-

centration may therefore be seen in the experiment when

acting as bait, whereas it will be very difficult for them to be

seen binding as prey.

Our approach also opens for analysis of to what extent

various network motifs (14) may survive given the bait-prey

asymmetry. In particular we find that for triangles of three

interacting proteins it is particularly difficult to survive this

asymmetry, and thus a triangle in itself should be taken as an

indication of a more reliable/stronger interaction.

To the extent that model II describes the data, our analysis

suggests that one should believe prey data for prey proteins

with low connectivity, and bait data for proteins acting as

bait with high connectivity. This conclusion would be

softened if model I is also contributing. That is, if baits acting

as autoactivators contribute to some additional interactions

and thereby make some weak interactions detectable for bait

proteins that have autoactivating that in itself was below the

detection threshold. In any case prey data missed many links

associated to high connectivity proteins.

FIGURE 3 (A) Shown is the result of the random firing

model, with threshold 0.1, assuming an underlying 1/k2.5

connectivity distribution. (B) Shown is the sequestering

model with the same parameters. In both cases we

investigate the case where bait and prey are at the same

concentrations as other proteins in the cell.

FIGURE 4 The left panel (A and C) shows the result of

the random firing model, assuming an underlying 1/k2.5

distribution. The right panel (B and D) is sequestering with

the same parameters. In all figures we investigate the case

where bait and prey are at 10 times the concentrations of

the other proteins in the cell. The upper panel (A and B)

is for threshold 0.1, and the lower panel (C and D) is for

threshold 0.2.
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CONCLUSION

We have suggested a possible mechanism for the previously

reported (11,15) difference between behavior of proteins

when functioning as bait and when functioning as prey. This

asymmetry indicates some basic difference in the biochem-

istry of the ‘‘bait position’’ on the DNA and the ‘‘prey

position’’ in the cell nucleus or cytoplasm. In these terms we

indeed found that the sequestering model II explains more of

the asymmetry features seen in the two-hybrid data than the

random firing model I. Thus the sequestering model explains

the nearly exponential distribution of the prey connectivities,

that more proteins act as prey than as bait, as well as the

effect that some proteins with no bindings as prey have a

large number of connections as bait.

METHOD

For further details see Stibius (16).

To examine the models we create a ‘‘simulated network’’ (17) consisting

of N nodes by assuming that their connectivity, k, is power distributed. That

is, we assign each node a connectivity drawn from a probability distribution

f ðkÞ} k
�g
: (2)

In practice this is done through the tabulated cumulative distribution func-

tion, FðkÞ ¼ +k

c¼1
1=cg=+c¼N

c¼1
1=cg : For each node, i, one chooses a random

number h 2 [0;1], and selects its connectivity ki ¼ k such that F(k � 1) #

h # F(k).

After each node, i, is given a certain connectivity, ki, the nodes are sorted
by descending connectivities and subsequently connected into a network as

described by Trusina et al. (17). Finally the network is randomized by link

swapping as described by Maslov and Sneppen (15) to generate a truly

random connected network with connectivity distribution represented by

Eq. 2.

In the models the interest lies in the probability of binding the bait-prey

complex to the DNA operator site, because this complex alone is able to

activate transcription. The probability of having an operator site, O, with

any molecule, X, bound to it can be calculated by Eq. 4, where

KD ¼ ½X�free½O�free=½XO� is the binding constant of the molecule X to the

operator site O on the DNA. Thus ½XO� is found by

½XO� ¼ ½X�free½O�total
½X�free 1KD

; (3)

and the probability for the operator site to be occupied by X is:

Pbinding;X ¼ ½XO�
½O�total

¼ ½X�free
½X�free 1KD

: (4)

In the following we shall consider two simple approaches for determining

this probability.

Model I

In this, the random firing model, we assume that the only molecules that bind

are the ones with a bait protein, i.e., free bait, bait-prey complexes, and bait

in complex with other molecules, Y. This means that the total concentration

of X will be:

½X�total ¼ ½bait�free 1 ½bait � prey�1 ½bait � Y� ¼ ½bait�total:
(5)

The number of DNA operator sites, O, is considered to be much smaller than

the number of molecules, X, in the cell. Therefore we consider the free

X concentration to be equal to the total X concentration in the cell nucleus.

The probability, Pbait-prey, of seeing the bait-prey complex bound to O is then

found by multiplying the fraction of bait prey to the total bait by the

probability given by Eq. 4 that a bait molecule is bound to the operator site:

Pbait-prey ¼
½bait � prey�
½bait�

total

3
½bait�

total

½bait�
total

1KD

¼ ½bait � prey�
½bait�

total
1KD

;

(6)

see also Shea and Ackers (18). Equation 6 does not give a possibility for

any asymmetry between bait and prey. However an asymmetry may arise if a

bait bound to O could activate the transcription with a probability below

the threshold value.

In the two-hybrid experiment some baits always activate transcription,

and these proteins were not used in the final experiment. Thus in model I we

make the hypothesis that the bait proteins will have some binding to the

RNA-polymerase and thereby activate transcription, but only at a level

insufficient for the survival of the cell. This implies that the threshold for

seeing a particular bait will depend on the level of activation that bait protein

has. In terms of our model this means that the promoter activity associated to

the bait-prey complex Pbait-prey is supplemented with an additional activity

associated to the bait itself.

We have simulated the extra bait firing by giving each bait a random

value, bait � firing (rb 2 ½0, 0.1]), which is selected from a flat distribution.

In the figures in the main text we typically chose threshold T ¼ 0.1, just

above the maximal random firing, whereas we in the supplement investigate

larger T values. The total activity associated with a given bait-prey complex

is then calculated from:

Pbait-prey ¼
½bait � prey�
½bait�total 1KD

1 rb; (7)

where we again stress that rb is a bait property, and thus independent of the

particular prey. Thus baits that are assigned a larger value of rb are relatively

easy to detect in complexes.

Model II

In this, the sequestering model, we assume that baits bound to other

molecules than prey are unable to bind to the DNA operator site. It could,

e.g., be that, Y, bound to the bait is a membrane protein, and the complex

therefore is located at the membrane. Thus we will have the molecules that

are able to bind to the DNA operator site to be:

½x�
total

¼ ½bait�
free

1 ½bait � prey�: (8)

From Eqs. 4 and 8 we find the probability of seeing the bait-prey complex:

Pbait-prey ¼
½bait � prey�

½bait�free 1 ½bait � prey�1KD

: (9)

Calculations

To calculate these probabilities for the two models we need an estimate of

the free protein concentrations. These can be found by Eq. 11

½pi�total ¼ ½pi�free 1 +
N

j 6¼i

½pipj�1 2½pipi�

¼ ½pi�free 1 ½pi�free +
N

j6¼i

½pj�free
Kij

1
2½pi�free½pi�free

Kii

; (10)
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giving

½pi�free ¼
½pi�total

11 +
N

j6¼i

½pj�free
Kij

1
2½pi�free
Kii

; (11)

where Kij is the binding constant between the proteins pi and pj, and ½pipj� is
the concentration of the complex formed by binding pi and pj.

In the models we assign binding constants, Kij, between all proteins in the

network. Two proteins, i and j, that have a connection in the network are

given the same binding constant, Kij¼ Kbinding. In the model this is given the

value, Kbinding¼ e�5� 10�2 (the smaller the value the stronger the binding).

This binding strength should be seen in the perspective that typical

concentrations of individual proteins are of the order of one, thus repre-

senting fairly strong interactions.

Proteins, pi and pk, with no connection in the network are given a binding

constant, Kik ¼ Kno binding ¼ 108, which is so large that we effectively dis-

regard all bindings not present in the assumed network (no false positives are

possible).

Finally we select the binding constant KD ¼ 10�5 reflecting a very strong

binding of the GAL4 binding region to the operator site. Other values of the

binding constants have been investigated (see Supplementary Material)

without altering the conclusions given in the main article.

In the first iteration we have used a value of [pi]free ¼ 0.13 [pi]total for all

free protein concentrations, but the final free protein concentration is

independent of which value is used to begin the numerical simulation. The

iteration was continued until the value of the free concentration did not vary

more than 10�10.

Now the model networks can be formed by calculating the probability

of two proteins binding for each combination of proteins thereby creating a

N 3 N matrix of probabilities. This matrix can be converted to a network

by applying a threshold, T, where node i as bait is connected to node j as prey

if Pij $ T, where we have investigated values of T from 0.05 to 0.9; see also

Supplementary Material.

SUPPLEMENTARY MATERIAL

To view all of the supplemental files associated with this

article, visit www.biophysj.org.
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