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The induction pro�les for these 4 mutants are shown in
Fig. 4A. Of the mutations chosen, Q291R and Q291K appear
to have the most signi�cant impact, with Q291R abolishing the
characteristic sigmoidal titration curve entirely. It is notable that
both Q291R and Q291K have elevated expression in the absence
of inducer compared to the other 2 mutants paired with the same
operator sequence. Fig. 2A illustrates that if only K A and K I

were being affected by the mutations, the fold change should be
identical for all mutants in the absence of inducer. This discrep-
ancy in the observed leakiness immediately suggests that more
than K A and K I are affected for Q291K and Q291R.

Using a single induction pro�le for each mutant (shown in
Fig. 4 as open circles), we inferred the parameter combinations
for both hypotheses and drew predictions for the induction pro-
�les with other operator sequences. We found that the simplest
hypothesis (in which only K A and K I are altered) does not per-
mit accurate prediction of most induction pro�les. These curves,
shown as dotted lines in Fig. 4A, failed spectacularly in the case
of Q291R and Q291K and undershot the observed pro�les for
F161T and Q291V, especially when paired with the weak oper-
ator sequence O3. The change in the leakiness for Q291R and
Q291K is particularly evident, as the expression at c = 0 should
be identical to the wild-type repressor under this hypothesis.
Altering only K A and K I is not suf�cient to accurately predict
the induction pro�les for F161T and Q291V, but not to the same
degree as Q291K and Q291R. The disagreement is most evident
for the weakest operator O3 (green lines in Fig. 4A), although
we have discussed previously that the induction pro�les for weak
operators are dif�cult to accurately describe and can result in
comparable disagreement for the wild-type repressor (10, 24).

Including � " AI as a perturbed parameter in addition to K A

and K I improved the predicted pro�les for all 4 mutants. By
�tting these 3 parameters to a single strain, we were able to accu-
rately predict the induction pro�les of other operators, as shown
by the shaded lines in Fig. 4A. With these modi�ed parame-
ters, all experimental measurements collapsed as a function of
their free energy as prescribed by Eq. 3 (Fig. 4B). All 4 muta-
tions signi�cantly diminished the binding af�nity of both states of
the repressor to the inducer, as shown by the estimated param-
eter values reported in Table 1. As evident in the data alone,
Q291R abrogated inducibility outright (K A � K I ). For Q291K,
the active state of the repressor can no longer bind inducer,
whereas the inactive state binds with weak af�nity. The remain-
ing 2 mutants, Q291V and F161T, both showed diminished
binding af�nity of the inducer to both the active and inactive
states of the repressor relative to the wild type.

Given the collection of fold-change measurements, we com-
puted the � F relative to the wild-type strain with the same
operator and repressor copy number. This leaves differences
in pact(c) as the sole contributor to the free-energy difference,
assuming our hypothesis that K A , K I , and � " AI are the only
perturbed parameters is correct. The change in free energy
can be seen in Fig. 4C. For all mutants, the free-energy dif-
ference inferred from the observed fold-change measurements
falls within error of the predictions generated under the hypoth-
esis that K A , K I , and � " AI are all affected by the mutation

Table 1. Inferred values of KA , KI , and � " AI for inducer binding
mutants

Mutant KA KI �" AI [kBT] Reference

Wild type 139+29
� 22 � M 0:53+0: 04

� 0: 04 � M 4.5 (10)
F161T 165+90

� 65 � M 3+6
� 3 � M 1+5

� 2 This study
Q291V 650+450

� 250 � M 8+8
� 8 � M 3+6

� 3 This study
Q291K > 1 mM 310+70

� 60 � M � 3:11+0: 07
� 0: 07 This study

Q291R 9+20
� 9 � M 8+20

� 8 � M � 2:35+0: 01
� 0: 09 This study

(shaded curves in Fig. 4C). The pro�le of the free-energy change
exhibits some of the rich phenomenology illustrated in Fig. 2 A
and B. Q291K, F161T, and Q291V exhibited a nonmonotonic
dependence on the inducer concentration, a feature that can
only appear when K A and K I are altered. The nonzero � F at
c = 0 for Q291R and Q291K coupled with an inducer concentra-
tion dependence is a telling sign that � " AI must be signi�cantly
modi�ed. This shift in � F was positive in all cases, indicating
that � " AI must have decreased and that the inactive state had
become more energetically favorable for these mutants than for
the wild-type protein. Indeed, the estimates for � " AI (Table 1)
reveal that both mutations Q291R and Q291K make the inactive
state more favorable than the active state. Thus, for these 2 muta-
tions, only � 10% of the repressors are active in the absence of
inducer, whereas the basal active fraction is � 99% for the wild-
type repressor (10). We note that the parameter values reported
here disagree with those reported in ref. 5. This disagreement
stems from different assumptions regarding the residual activity
of the repressor in the absence of inducer and the parametric
degeneracy of the MWC model without a concrete indepen-
dent measure of � " AI . A detailed discussion of the difference in
parameter values between our previous work (10), that of Daber
et al. (2011) (5), and those of other seminal works (25, 26) can
be found in SI Appendix, SI Text.

Taken together, these parametric changes diminish the
response of the regulatory architecture as a whole to changing
inducer concentrations. They furthermore reveal that the param-
eters which govern the allosteric response are interdependent,
and no single parameter is insulated from the others. How-
ever, as only the allosteric parameters are changed, one can say
that the allosteric parameters as a whole are insulated from the
other components which de�ne the regulatory response, such as
repressor copy number and DNA binding af�nity.

Predicting Effects of Pairwise Double Mutations. Given full knowl-
edge of each individual mutation, we can draw predictions of the
behavior of the pairwise double mutants with no free parameters
based on the simplest null hypothesis of no epistasis. The formal-
ism of � F de�ned by Eq. 5 explicitly states that the contribution
to the free energy of the system from the difference in DNA
binding energy and the allosteric parameters are strictly additive.
Thus, deviations from the predicted change in free energy would
suggest epistatic interactions between the 2 mutations.

To test this additive model, we constructed 9 double-mutant
strains, each having a unique inducer binding (F161T, Q291V,
and Q291K) and DNA binding mutation (Y17I, Q18A, and
Q18M). To make predictions with an appropriate representa-
tion of the uncertainty, we computed a large array of induction
pro�les given random draws from the posterior distribution for
the DNA binding energy (determined from the single DNA
binding mutants) as well as from the joint posterior for the
allosteric parameters (determined from the single inducer bind-
ing mutants). These predictions, shown in Fig. 5 as shaded
blue curves, capture all experimental measurements of the fold
change (Fig. 5A) and the inferred difference in free energy
(Fig. 5B). The latter indicates that there are no epistatic inter-
actions between the mutations queried in this work, although if
there were, systematic deviations from these predictions would
shed light on how the epistasis is manifest.

The precise agreement between the predictions and mea-
surements for Q291K paired with either Q18A or Q18M is
striking, as Q291K drastically changed � " AI in addition to K A

and K I . Our ability to predict the induction pro�le and free-
energy change underscores the extent to which the DNA binding
energy and the allosteric parameters are insulated from one
another. Despite this insulation, the repressor still functions as
an allosteric molecule, emphasizing that the mutations we have
inserted do not alter the pathway of communication between

Chure et al. PNAS j September 10, 2019 j vol. 116 j no. 37 j 18281



https://www.pnas.org/cgi/doi/10.1073/pnas.1907869116


https://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1907869116/-/DCSupplemental
https://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1907869116/-/DCSupplemental
https://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1907869116/-/DCSupplemental
https://www.rpgroup.caltech.edu/mwc_mutants/
https://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1907869116/-/DCSupplemental
https://github.com/rpgroup-pboc/mwc_mutants
https://github.com/rpgroup-pboc/mwc_mutants
https://www.rpgroup.caltech.edu/mwc_mutants/
https://www.rpgroup.caltech.edu/mwc_mutants/
https://www.pnas.org/cgi/doi/10.1073/pnas.1907869116

