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One emphasis of the Gibbs Conference on Biothermodynamics is the value of thermodynamic measurements
for understanding behaviors of biological systems. In this study, the correlation between thermodynamic
measurements of in vitro DNA binding affinity with in vivo transcription repression was investigated for two
transcription repressors. In the first system, which comprised an engineered Lacl/GalR homolog, mutational
changes altered the equilibrium constant for binding DNA. Changes correlated with altered repression, but
estimates of in vivo repressor concentration suggest a >25-fold discrepancy with in vitro conditions. In the

I]_(:i/lwords' second system, changes in ligand binding to BirA altered dimerization and subsequent DNA occupancy. Again,
GalR these changes correlate with altered in vivo repression, but comparison with in vitro measurements reveals a
BirA ~10-fold discrepancy. Further analysis of each system suggests that the observed discrepancies between in
Repression vitro and in vivo results reflect the contributions of additional equilibria to the transcription repression
Protein-DNA affinity process.

Equilibrium

© 2011 Elsevier B.V. All rights reserved.

One of the founders of the Gibbs Conference on Biothermody-
namics, Gary Ackers stressed the limited value of biothermodynamic
measurements that are divorced from biology. Indeed thermodynamic
measurements provide the foundation for quantitative predictions of
biological function. However, the ability to predict function for
complex biological systems requires detailed investigation of a
system's constituent interactions. This entails first defining the
thermodynamic (and kinetic) rules that govern pairwise interactions
between the relevant biomolecules, followed by quantifying the
extent of coupling between the interactions. Once established, the
rules can be used to construct testable, statistical thermodynamic
models of the system's behavior. This manuscript describes initial
studies for reconciling in vitro and in vivo protein-DNA binding for two
transcription repression systems.

In transcription regulation, the probability of initiation is directly
related to the ability of the RNA polymerase to access promoter
sequences. For the promoters of many prokaryotic genes, polymerase
binding must compete with binding by repressor proteins with
diminished polymerase access repressing transcription of the down-
stream genes. Thus, the problem of predicting gene expression can be
simplified to predicting repressor occupancy of the relevant DNA
binding site(s) (usually called “operators”). However, in many
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systems, repressor occupancy is the outcome of multiple coupled
equilibria, which provide mechanisms for environmental, metabolic,
and evolutionary control of transcription.

The work in this manuscript addresses the question of whether
well-characterized alterations of in vitro DNA occupancy can
accurately predict changes in repression in vivo. Two separate
transcription repressors are considered. The first is an engineered
Lacl/GalR homolog. Mutagenesis is used to vary the K4 for lacO” DNA,
which results in altered in vivo repression of the lac operon (lacZYA).
The second system comprises the wild-type BirA transcription
repressor, which requires substrate binding and resulting homodimer
formation prior to DNA binding. By altering the in vivo substrate
concentration, operator occupancy (and thus repression) is altered in
a predictable way. Although the two systems show good correlation
between in vitro thermodynamic parameters and in vivo repression,
systematic offsets between the in vivo and in vitro datasets are
observed. Potential contributions to these offsets include additional
coupled equilibria, differences in in vivo and in vitro solution
conditions, and uncertainties associated with intracellular protein
concentrations.

1. The Lacl/GalR transcription repressors

Homologs in the family of Lacl/GalR transcription regulators
control many aspects of bacterial metabolism in response to changes
in concentrations of small molecule metabolites [1,2]. All of the well
characterized homologs - including Lacl [3], PurR [4], GalR [5], and
CcpA [6] - require homodimer formation (Fig. 1A) in order to achieve
high affinity binding to a pseudo-palindromic operator sequence. A
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few family members (such as Lacl; [7]) form tetramers that can
simultaneously bind and bridge two operators, thereby forming a loop
[8]. Most Lacl/GalR homologs repress transcription. When the
repressor protein is bound to the DNA operator by an N-terminal
DNA-binding domain, transcription of downstream genes is reduced
[1,2].

Several Lacl/GalR transcription repressors have been engineered in
the Swint-Kruse lab. In this work, the “LLhG” chimeric repressor is
utilized to investigate the correlation between changes in DNA
binding affinity (Kq) and effects on in vivo repression. LLhG comprises
the Escherichia coli Lacl DNA-binding domain and linker region joined
to the regulatory domain of E. coli GalR [9] (Fig. 1A). Using 10 variants
of LLhG, DNA binding affinities have been determined in vitro for the
lacO" operator. The lacO’ operator is the primary operator for
repressing the lac operon in vivo (Fig. 1B). If a mutation leads to a
change in binding affinity, a change in repression is also expected.

In vivo, repression of the lac operon can be affected by at least three
other thermodynamic processes. First, the Lacl/GalR repressor pro-
teins bind allosteric ligands that alter affinity for the operator
(Fig. 1C); LLhG variants bind the GalR ligands galactose and fucose
[9]. Second, the lac operon contains two secondary operators, lacO?
and lacO® (Fig. 1D). Simultaneous binding to two of the three
operators by the natural, tetrameric Lacl repressor, enhances
repression up to 50-fold [8,10,11]. Third, the operator binding sites
are always in competition with excess E. coli genomic DNA for binding
to repressor protein [12] (Fig. 1D). For wild-type Lacl, nonspecific DNA
binding is key for inducing transcription of lacZYA; binding of the
allosteric ligand to the proteins diminishes the binding affinity for
operator by ~1000-fold, at which point excess genomic DNA
effectively competes for repressor protein so that the operator is
vacated [12,13] (Fig. 1C).

A few prior studies have examined the in vivo behavior of Lacl in a
thermodynamic framework. First, Record and colleagues monitored in
vivo repression as a function of intracellular potassium concentration
[14]. Surprisingly, even though in vitro DNA binding shows a strong
dependence on salt concentration, repression was not sensitive to

such changes, [15,16]. Thus, perturbations that alter Kq4 in vitro do not
necessarily translate into a predictable change in vivo. Consequently,
to interpret in vivo results from an ongoing study of ~800 Lacl/GalR
variants, the relationship between AK4y and Arepression must be
determined for mutational perturbation. Second, Lewis and col-
leagues recently used thermodynamic analyses to describe the in vivo
allosteric response for variants of Lacl, but no direct comparisons were
made with in vitro data [17,18]. Thus, if in vivo function is impacted by
other processes, such as concentration-dependence of inducer uptake
or nonspecific DNA binding, that system component remains
undetected. Again, meaningful interpretation of the in vivo data for
the large Lacl/GalR mutant data set requires comparisons with in vitro
measurements to identify other processes that may contribute to
repression.

2. The BirA transcription repressor

BirA is a member of the biotin protein ligase family that is found in
nearly all organisms. In both eubacteria and archaebacteria, some
members of this enzyme family also function as transcriptional
repressors (Fig. 2, [19,20]). Evolution of bifunctionality presumably
occurred via gene fusion of the coding sequences for the BirA enzyme
and a DNA binding domain. Subsequently, the enzymatic and
repressor functions became integrated, so that mechanistic details
of the enzyme-catalyzed reaction support the repressor function and
vice versa. The bifunctionality of BirA is key to regulating biotin
homeostasis in bacteria.

A schematic of the E. coli Biotin Regulatory System illustrates the
basic functions of the system (Fig. 2). BirA binds to the two small
molecule substrates, biotin and ATP, and catalyzes synthesis of the
activated form of biotin, bio-5'-AMP [21]. The enzyme: intermediate
complex either interacts with the biotin carboxyl carrier protein
subunit (BCCP) of the biotin-dependent carboxylase, acetyl CoA
carboxylase (ACC), or forms a homo-dimer that binds specifically to
the biotin operator sequence (bioO) of the biotin biosynthetic operon
[19,22]. The hetero-dimeric interaction with BCCP leads to chemical
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Fig. 1. Schematic of Lacl/GalR homodimers and their binding to components of the lac operon. (A) The Lacl homodimer is depicted as a stippled blue cartoon; the GalR homodimer is
depicted in green; and the chimeric repressor LLhG is on the right. The small ovals depict the N-terminal DNA binding domains; bars depict the linker regions; and the large shapes
depict the regulatory domains. (B) When a repressor binds to the lacO’ operator sequence, transcription of the downstream lacZYA genes is repressed. (C) When inducer ligand
(yellow stars) binds to repressor protein, affinity for lacO’ is diminished. This allows polymerase to transcribe lacZYA, and the repressor-inducer complex binds to genomic DNA.
(D) Other regions of the E. coli genome compete for binding repressor protein, including lac0?, lacO?, and genomic DNA. Wild-type GalR can form protein-protein interactions via the

regulatory domains of two dimers [36]; thus, the potential exists for LLhG to do similarly.
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Fig. 2. Schematic outline of the Escherichia coli Biotin Regulatory System. See text for
details.

transfer of biotin to a unique lysine residue on BCCP, where it is
utilized for malonyl CoA biosynthesis. The homo-dimeric interaction
leads to repression of transcription initiation at the biotin biosynthetic
operon. Partitioning of the holoBirA complex between its two
functions is regulated by the physiological demand for biotin [23].
Under conditions of rapid growth, biotinylation of ACC is in high
demand because malonyl CoA biosynthesis constitutes the first
committed step of fatty acid biosynthesis. Rapid growth rate,
therefore, favors partitioning of holoBirA toward its enzymatic
function. Once growth slows, the demand for biotin decreases and
holoBirA partitions toward its transcription repression function, with
the ultimate outcome of decreased biotin biosynthesis.

At amolecular level, it is the protein partner with which the enzyme-
intermediate forms a dimer that determines BirA function [24,25]. In
quantitative modeling of transcription repression, the interactions that
contribute to holoBirA occupancy of the biotin operator include: sub-
strate biotin binding, holoBirA homo-dimerization, and apoBCCP hetero-
dimerization with holoBirA. In this work, the validity of this model has
been tested by measuring the biotin concentration dependence of bioO
occupancy in vitro and in vivo.

3. Materials and methods
3.1. LLhG methods

For this work, variants of LLhG/E62K/E230K were chosen because
they exhibit stronger repression than LLhG/E320K [9]. The higher
affinity of the E62K mutant for DNA renders the equilibrium binding
affinity within the limits of measurements using the filter binding
assay. As in previous publications, all references in the manuscript to
LLhG include the implicit “E230K” designation. For simplicity, the
E62K mutation is referred to as “+K”.

LLhG + K variants were constitutively expressed from the plasmid
pHG165a [9] and grown in BLIM cells [26] in 2xYT media overnight at
37 °C with shaking. The cell pellet was resuspended in 100 mL of cold
breaking buffer (12 mM Hepes, 200 mM KCI, 1 mM EDTA, 5% glycerol,
0.3 mM DTT, pH to 8.0) with 1 protease inhibitor tablet (ROCHE
Diagnostics, Indianapolis, IN, USA) and 50 mg of lysozyme. Cell paste
was frozen at — 20 °C, then thawed on ice with an additional 300 mL
cold breaking buffer. After cell lysis was complete, 160 pl of 20 mg/mL
DNasel was added along with MgSO, (final concentration <30 mM).
Cell debris was removed by centrifugation at 7000 rpm for 50 min at
4 °C and the supernatant was subjected to a 37% ammonium sulfate
precipitation. The precipitate was separated by centrifugation at
7000 rpm for 40 min at 4 °C. The pellet was resuspended in 70 mL of

cold Buffer A (12 mM Hepes, 50 mM KCl, 1 mM EDTA, 5% glycerol,
0.3 mM DTT, pH to 8.0) and dialyzed against 1 L of Buffer A for 30 min
at 4 °C. Dialysis was repeated with two additional buffer changes. The
dialysate was cleared by centrifugation at 8000 rpm for 30 min at 4 °C.
Supernatant was loaded onto a phosphocellulose column and washed
with Buffer A. LLhG protein was eluted using a linear gradient of Buffer
A and Buffer B (12 mM Hepes, 500 mM KCl, 1 mM EDTA, 5% glycerol,
0.3 mM DTT, pH to 8.0). Finally, the column was washed with Buffer B.
Aliquots of purified protein were stored at — 80 °C.

Purified LLhG + K requires high concentrations of DTT for activity (see
below), and the Azgp could not be used to determine protein
concentration. Therefore, the concentration was estimated using the
BioRad assay (BioRad, Inc., Hercules, CA), with bovine serum albumin
(Fisher Biotech, Fair lawn, NJ, 07410) as a standard. The activity of each
protein preparation was determined by stoichiometric assays [27] to be
between 70 and 95%. Activities were used to correct K4 values
determined from binding titrations. DNA binding affinities for LLhG + K
and variants were measured by binding protein to *2P-labeled lacO’ and
separating the free and bound DNA through nitrocellulose filter paper, as
for wild type Lacl [28] and a different chimeric protein, LLhP [29]. The
lacO! binding sequence (5’-TTGTGAGCGGATAACAA-3’) comprised the
central region of a 40 bp ds DNA oligomer [28] and was synthesized by
Integrated DNA Technology (Coralville, IA). For affinity assays, the DNA
concentration was fixed at least 10-fold below the value of K4 [27].

In initial trials, an unusual behavior for LLhG + K was observed. In the
buffer used to characterize wild-type Lacl and LLhP, when LLhG + K was
bound to high affinity operators such as lacO’ or the symmetrized
operator lacO™™ [30], the complex appeared to precipitate over time. This
did not occur for low affinity complexes, such as LLhG + K/lacO /inducer
fucose or LLhG + K bound to nonspecific DNA (not shown). A survey of
solution conditions revealed that 3 mM DTT in a Tris buffer with lower pH
(7.1) alleviated this problem. Therefore, prior to DNA binding assays,
purified LLhG + K variants were dialyzed against buffer with 3 mM DTT.
The first two 30 min dialyses were against HEPES/DTT buffer (12 mM
Hepes, pH 7.53, 150 mM KCl, 0.1 mM EDTA buffer and 3 mM DTT) and
the third buffer exchange was into Tris/DTT buffer (10 mM Tris, pH 7.13,
150 mM KCl, 0.1 mM EDTA, and 3 mM DTT). After mixing protein and
DNA, a 30 min equilibration was required prior to filtration.

DNA binding affinities were determined in both the absence and
presence of 10 mM inducer sugar fucose. Results were analyzed with
nonlinear repression using the program GraphPad Prism 5 (GraphPad
Software, Inc., La Jolla, CA) to determine values of Kq4. The equation
used in the analysis is provided in the Results and discussion section.
Each determination of Ky reported in Table 1 is the average of at least
three separate experiments from at least two different protein
purifications. In the presence of inducer, binding affinities were
weaker than can be accurately measured with the filter binding
technique (the upper plateau of the binding curve cannot be reached).

Table 1
Affinities of LLhG variants for lacO’ and values for in vivo repression.

Kq for lacO’ (x10~ 10 M)? Repression”

LLhG/E62K (“+K”") 4.6+0.5 0.224+0.03
1485 + K 40420 23403

V52A+£K 0.56 +0.02 0.02+0.01
V52P £K 15+5 0.90 +0.10
V525 +K 3+1 0.08 +0.02
Q551+K 4+2 0.77 +£0.05
Q55V+K 9+2 2.7+03

G58L+K >80+20 1.5+0.2

G58K+K 11+4 0.35+0.09
S6IN+£K 7+3 0.19+0.05

@ Values reported are the average of 3-5 independent determinations using at least
two different protein preparations. Reported errors were determined from the standard
deviation of the average.

b All values except that for Q55V + K are from Ref. [9].
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However, assays +/— inducer were carried out in parallel using the
same protein, the same dilution of >?P-DNA, and the same filter. Thus,
lower boundaries for values of Ky in the presence of inducer were
estimated by fixing the upper plateau to the corresponding value in
the absence of inducer.

Measurements of in vivo repression of lacO’ were previously
reported for all LLhG variants [9] except Q55V + K. Repression was
determined for this variant as published for the others.

3.2. BirA methods

The biotin repressor (BirA) protein was overexpressed from the
plasmid pHBA (a gift from Anne Chapman-Smith) and purified from E.
coli BL21(IDE3.) as described in Brown et al. [31] . The purified protein
was >95% pure as judged by SDS-PAGE, and >90% active as
determined using stoichiometric titrations with bio-5’-AMP moni-
tored by fluorescence spectroscopy [32].
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Fig. 3. Representative binding curves for LLhG variants. Binding to lacO’ was monitored in the absence (circles) and presence (squares) of inducer fucose. The solid line represents
the best fit of Eq. 1 to the data measured in the absence of inducer; values of K4 were corrected for protein activity (see Methods); the average corrected values from three
determinations are presented in Table 1. Since the —/+4 inducer measurements were performed simultaneously - using the same DNA dilution, nitrocellulose filter, and exposure
time - results from the fit in the absence of inducer were used to constrain fits of the data in the presence of inducer (dashed lines); these values range from 1-8x 10~ 8 M when

corrected for protein activity.
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The DNA fragment used in footprinting measurements was
generated from restriction digestion of the plasmid pBioZ with
Hindlll, followed by labeling the purified, linearized DNA with o*2P
dATP and dGTP using the Klenow fragment fill-in reaction [32].
Unincorporated nucleotides were removed from the labeled DNA by
chromatography over an Elutip column (Millipore), and the DNA was
subjected to phenol/chloroform extraction, ethanol precipitation, and
digestion by Pst 1. The final labeled fragment was separated from a
second product by electrophoresis on a 1% agarose gel, recovered by
electroelution, purified over an Elutip column and concentrated by
ethanol precipitation. The radiolabeled DNA was stored at a final
concentration of <20,000 cpm/uL (<8 x 10~ pMol/uL) in TE buffer at
4°C.

DNasel footprinting measurements were performed using a
variation of the method described in [32]. In these previous
measurements, biotin operator occupancy was measured as a function
of holoBirA concentration, and biotin and ATP were present in large
excess to ensure saturation of BirA with bio-5’-AMP. In the present
measurements, the bioO occupancy at a single BirA concentration was
monitored as a function of biotin concentration. Thus, in all titrations,
the bioO and ATP concentrations were held constant at <0.1 nM and
0.5 mM, respectively, and biotin concentration was varied. The BirA
concentration in separate titrations was held constant at 7.5, 10 or
20 nM.

Binding reactions were performed in buffer containing 10 mM
TrisHCL, pH 7.50+0.02 at 37 °C, 200 mM KCl, 2.5 mM MgCl,, 1 mM
CaCl,, 100 pg/mL BSA, and 20 pg/mL sonicated calf thymus DNA.
Reaction mixtures were equilibrated at 37 °C for 1 h and DNasel
digestion was initiated by the addition of 5 pL of a freshly prepared
DNasel solution in wash buffer (Binding buffer-BSA, -Calf Thymus
DNA). The DNasel concentration in the final solution, approximately
15 ng/mL, was empirically set to ensure less than 50% digestion of the
intact DNA [33]. After 2 min, the digestion was quenched by the
addition of 33 pL of 50 mM Na,EDTA, and the DNA was precipitated by
the addition of 700 pL of 0.4 M NH40Ac and 50 pg/mL tRNA in absolute
ethanol. After centrifugation, the pellets were washed twice with
500 pL of cold 80% (v/v) absolute ethanol in water and dried by
lyophilization. The dried pellets were dissolved in 7 pL of gel loading
buffer containing 80% (v/v) deionized formamide, 1 x TBE, 0.02% (w/v)
bromophenol blue, and 0.02% (w/v) xylene cyanol in water, heated for
10 min at 90 °C, and the digestion products were separated by
electrophoresis on a 10% denaturing acrylamide gel. The gels were
imaged using a Storm Phosphorimaging System (GE) and the resulting
data were processed as described in Brenowitz et al. [33].

The biotin concentration-dependence of in vivo transcription from
biotin biosynthetic operon promoter was determined using the E. coli
strain CY481 (a gift from J.E. Cronan), which contains a fusion of the
lacZ gene to the bioB promoter. Overnight cultures (10 mL) of the
strain were grown at 37 °C with shaking in Minimal Media
supplemented with biotin ranging in concentration from 0.8 nM to
0.1 pM. A 0.5 mL volume of each overnight culture was inoculated into
10 mL of fresh minimal media supplemented with the same biotin
concentration. Cultures were grown with shaking at 37 °C until they
reached mid-log phase (0.D.gg0 nm = 0.6) at which point 3-galactosidase
assays were performed as described in [34].

Nonlinear least squares analysis of the titration data was
performed using the program GraphPad Prism 4. The equation used
in the analysis is provided in the Results and discussion section.

4. Results and discussion

4.1. LLhG: contributions of lacO’ binding affinity to repression of the lac
operon

In previous studies, we determined lacO’ repression for LLhG/
E62K (“LLhG +K”) and >60 mutational variants [9]. From these, we

chose 10 variants to purify and characterize in vitro (Table 1).
Mutations are located at 5 different positions in the 18 amino acid
linker that joins the Lacl DNA binding domain to the GalR regulatory
domain. Relative to LLhG+K, these variants exhibit a range of
repression, both enhanced and diminished. The main goal of the
current work was to ascertain whether the changes in repression
correlate with altered lacO’ binding.

DNA binding assays were performed for each of the purified
variants of LLhG + K. Data were analyzed with the equation:

. [Prot]
Yobs - <Ymax * Kd + [Pl’Ot] +c (1)

where “Y,,” is the observed signal from 32P-DNA, “Ymay” is the signal
observed at saturation, “[Prot]” is the concentration of the LLhG + K
variants, “c” is baseline value of the 3P-DNA signal, and “K4” is the
equilibrium dissociation constant. Values determined for Ky in the
absence of inducer are presented in Table 1 for the LLhG + K variants.
No evidence of monomer-dimer dissociation was observed over the
concentration range of the measurements (Fig. 3), which would
manifest as slope >1 in the binding curve [35]. In the presence of
inducer fucose, K4 decreased to between 1 and 8x10~8 M for the
LLhG + L variants (Fig. 3).

As expected from repression values, some variants have higher
affinity for lacO’ (lower value of K4), whereas others have weaker
affinity (larger value of Ky). Next, values of Ky were plotted against
results from repression assays (Fig. 4). Across the dataset, both the
repression and affinity data span ~2 orders of magnitude with an
apparent linear correlation. Thus, changes in Ky translate into
predictable changes for in vivo repression. However, results for two
variants at position 55 (Q55I and Q55V) appear to have a trend that is
distinct from the other repressors. Repression by the 55 variants is much
weaker than would be anticipated from the DNA binding affinities,
when compared to the other variants. This deviation can be highlighted
with linear regression. When all 10 data points in Fig. 4 are included in
linear regression, the best fit line (Fig. 4, black) has an R? value of 0.68;
the line is more than one standard deviation away from the Q55 data
points (error bars on black circles); and examination of the residuals
shows that 2 points corresponding to the Q55 variants influence the
distribution (Fig. 4, lower panel, filled versus open black circles). If the
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Fig. 4. Correlation of Ky and in vivo repression for LLhG variants. Values from Table 1 were
plotted as log(repression) versus log(Ky) for all LLhG variants. If error bars are not visible, they
are smaller than the size of the symbol. The upper, black line and R? value were determined
by linear regression of all data. The lower, blue line and R? value were determined after
excluding the values for LLhG/Q55V + K and LLhG/Q551 + K (black data points). A plot of the
residuals is shown in the lower panel.
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results for the Q55 variants are excluded, linear regression yields the
blue line, which has an R? value of 0.93 and more evenly distributed
residuals (Fig. 4, lower panel, blue squares).

Why is transcription repression by the Q55 variants weaker than
predicted from lacO’ DNA binding affinities? The discrepancy is
unlikely to be due to in vivo solution conditions, which should affect
all of the variants equally. Instead, it may be due to changes in other
equilibria that contribute to in vivo repression. As noted in the
introduction, candidate interactions include looping with the lacO?
and lacO® operators and competition from nonspecific genomic DNA.
The parent protein of LLhG (GalR) can loop two operators via
association of regulatory domains from two dimers [36]; LLhG + K
variants might be able to do the same. Neither looping nor
tetramerization is detected in the current in vitro assay, because the
40 basepair DNA oligomer only contains a single lacO’ binding site. If
looping is involved in LLhG+K repression, then the decreased
repression of the Q55 variants could result from decreased affinity
for lacO? or lacO? relative to the remaining variants. If competition
with nonspecific genomic DNA is involved, then the 55 variants must
have enhanced nonspecific binding relative to the remaining variants.

Both 55 variants have the same direction of the deviation,
compared to the other 8 variants of LLhG + K. However, both of the
substituted amino acids (I and V) are smaller than Q and have a
branched C®. Thus, these two variants may have changed/lost the
same interaction(s) that give rise to the diminished repression. This
possibility is in agreement with information from available structures
of two homologs, which show that the Q in wild-type Lacl makes more
contacts with the regulatory domain than the S that is present at this
position in wild-type PurR [37].

The behaviors of the 55 variants underscore the complementary
nature of in vivo and in vitro functional experiments. In addition to
being amenable to large numbers of protein variants, in vivo assays are
sensitive to unexpected functional changes. In vitro assays are
required to understand which particular parameters are altered by
mutation. An iterative comparison of the two approaches is required
for a full description of functional change.

4.2. Reconciling in vitro LLhG +K binding curves with in vivo protein
concentrations

The current data also allow correlation between the in vitro
binding curves and estimated in vivo repressor concentrations. To that
end, the number of repressor protein dimers per cell was estimated
using immobilized DNA to capture the repressor from crude cell
extracts (DNA pull-down assay) [9]; for LLhG + K, the estimate is
>2500 copies per cell. This value is a low estimate, because (1) the
calculation uses the lower limit of Coomassie stain for the protein
concentration (50 ng) and (2) dilution shows that that the immobi-
lized DNA is saturated with repressor. The volume of an E. coli cell is

>

0.5

Fraction DNA Bound
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0.44 to 1.79 um? (0.4 to 1.8 fL), depending on the culture media [38].
Repression assays are carried out in minimal media and thus should
be on the low end of the range. Using these numbers, the estimated in
vivo concentrations for both repressor and operator:

(2500 molecules repressor /6.023 x 1023molecules/ mole)
/ (0.4 x 10*15L)

=1x10"°M repressor per cell

and
(1 operator / genome) x (~2.3 genomes / cell)
/ (6‘023 x 10Zmolecules / mole) / (0.4 x 10*15L)

=9x10""M operator per cell.

Based on the in vitro binding affinities, the in vivo protein
concentrations fall in the saturation plateau for all of the curves
(Fig. 5). However, the high repressor concentration does not agree
with the estimated in vivo fractional occupancy of the operator, which
was calculated from repression values (Table 1): A value of ~135
normalized Miller units corresponds to zero occupancy (no repressor
present; data not shown) and assuming that a value of 0 Miller units
corresponds to 100% occupancy (the lowest measured value is 0.017),
the repression data for LLhG variants were rescaled. On this scale,
operator occupancy is 98-99% for all LLhG + K variants, which occurs
closer to 4x 10~ 7 M protein (Fig. 5B). Even though this concentration
is near the upper plateau of the binding curve, the occupancy differs
for each value of Ky (Fig. 5B).

One possible explanation for the >25-fold discrepancy in protein
concentration is that the in vitro and in vivo buffer conditions are
sufficiently different to weaken Ky values by several orders of
magnitude: Potential differences include in vivo crowding (reviewed
in [39-41]) and ionic strength. Another compelling explanation is
derived from considering linked equilibria: In vivo, operator and
genomic nonspecific DNA are in competition for binding repressor.

The effects of in vivo crowding are difficult to predict. Crowding is
expected to enhance the affinity of biomolecular associations except
when one component is aspherical (such as genomic DNA) [39].
However, in a recent review of theoretical modeling, in vitro crowding
agents, and in vivo measurements [41], Elcock noted that crowding
appears to play a lesser role in vivo than predicted either in vitro or in
silico. Likewise, changes in ionic strength do not have much effect on
transcription repression by Lacl [14]. Nonetheless, determining the
best in vitro ionic strength remains an issue, because in vitro DNA
binding is sensitive to that parameter [15,16]. The current experi-
ments were performed in 150 mM KCl, which is in the range of

Lower limit for
in vivo
[Repressor]

[Repressor] corresponding
to estimated operator
occupancy

0.0- T L}
-12 -10 -8

log [Repressor protein]

L)
-7 -6
log [Repressor protein]

Fig. 5. LLhG binding curves, fractional in vivo occupancy, and estimated in vivo repressor concentration. (A) Ideal binding curves were calculated from the values in Table 1 for all
LLhG + K variants except Q55V and Q55I. The boxed region is enlarged in panel (B), in order to show the estimated in vivo protein concentration (right dashed line) and the protein
concentration that corresponds to fractional operator occupancy calculated from in vivo repression data (left dashed line; see text).
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physiological potassium concentrations but probably lower in overall
salt concentration than in vivo conditions, with the result being an
over-estimate of DNA binding affinities.

Moreover, the processes of crowding, diffusion, and ionic strength
may be inextricably connected to nonspecific DNA binding. Single
molecule experiments indicate that, when not bound to the lac
operator, Lacl is bound to nonspecific DNA 90% of the time [13]. We
expect similar behavior for other Lacl/GalR proteins. Thus, the major
macromolecule in the cellular vicinity of the repressor is genomic
DNA, with its accompanying cloud of counter ions. Indeed, Record and
co-workers proposed that nonspecific DNA binding buffered the
effects of altered in vivo salt concentrations, so that repression by Lacl
was essentially not impacted [14]. The competition between lacO and
nonspecific DNA has been considered extensively for wild-type Lacl
by the Riggs and von Hippel laboratories (e.g. [12,42-45]). For Lacl,
affinity for nonspecific DNA binding differs with DNA sequence and
length. The tightest nonspecific interaction with poly[d(A+T)] has
been estimated to be as high as 10~8 M [43] but the value probably
approaches 3x 10~ 4 M for “average” genomic DNA [12]. The effect of
the competition on specific operator binding can be estimated using
[12]:

I<d,app = Kd,operator<‘l + Dt/ Kd,nonspeciﬁc) (2)

where Kg,app is the apparent affinity constant for binding to the
operator site, Dt is the total concentration of nonspecific DNA binding
sites (~2x1072M; [42]), and Kd nonspecific i the affinity for non-
specific DNA. Assuming that LLhG variants bind to nonspecific DNA
with similar affinities to Lacl, Kq app is ~70-fold weaker than Kq operator
shifting the binding curves of Fig. 5 to the right. Remember that the
estimated in vivo concentration for LLhG + K, and thus the 25-fold
discrepancy, is a lower limit. Thus, the change in K ., greatly reduces
the discrepancy between in vivo repressor concentration and
fractional operator occupancy.

4.3. BirA: modeling transcription repression

A shown in Fig. 2, assembly of holoBirA on the biotin operator
sequence, bioO, is a two-step process in which homo-dimerization
precedes operator binding [46]. Thus, the equilibrium expression for
Fractional Saturation of bioO by holoBirA is:

KpniKpioo[h0lOBirAJ>

V =
1 + KpmKpioo[NOIOBIrA?

&)

in which Kpjp, and Kpioo are the equilibrium association constants
governing holoBirA dimerization and binding of the dimer to bioO,
respectively, and [holoBirA] is the concentration of the BirA-bio-5'-
AMP complex. HoloBirA accumulation, which requires bio-5'-AMP
synthesis, occurs by a mechanism in which biotin first binds followed
by ATP [47]. Therefore, the Fractional Saturation of BirA with biotin
dictates holoBirA concentration. Assuming the simplest model, in
which biotin binding limits formation of the BirA-bio-5'-AMP
complex, at any total BirA and biotin concentrations, holoBirA
concentration is predicted using the following equation:

Ka biotin [DiOtIN]

[holoBirA] = Yp;4[BirA],,; = [Ber}wtm

(4)

in which Ka piotin 1S the equilibrium association constant for biotin
binding to BirA and [biotin] is the free biotin concentration.
Combining Eqs. (3) and (4) allows prediction of the biotin-
concentration dependence of bioO occupancy. In this work, a three-
part comparison based on this model is made. First, the expected
behavior was simulated using previously determined binding param-
eters. Second, in vitro binding of BirA to bioO was measured as a

function of biotin concentration. Third, in vivo repression was
determined as a function of exogenous biotin concentration.

The simulations utilized equilibrium parameters obtained from
(i) ITC measurements of biotin binding to the BirA monomer [48],
(ii) dimerization of holoBirA by sedimentation equilibrium [25,49],
and (iii) bioO binding by DNasel footprinting [50] to predict the biotin
concentration dependence of bioO occupancy (Fractional Saturation)
at three different total BirA concentrations (Fig. 6A). The range of BirA
concentrations used for the simulations bracket the intracellular
concentration of 2-200 nM estimated form quantitation of biotin
binding activity in E. coli cell extracts [51]. Normalized transcription
(Fig. 6B) was calculated as the quantity (1-Fractional Saturation). All
three Fractional Saturation and repression curves exhibit a steep
dependence on biotin concentration that is attributable to the
dependence of bioO occupancy on dimerization rather than any
cooperativity in biotin binding (Fig. 6B). At the lowest BirA
concentration of 2 nM, neither full occupancy nor full repression is
achieved even at the highest biotin concentration.

4.4. BioO occupancy does not depend on biotin affinity alone

Next, the biotin-concentration dependence of BirA binding to bioO
was directly determined using DNasel footprinting experiments. The
experimental conditions were based on the simulation, which showed
that at 20 nM BirA and a saturating biotin concentration, saturation of
bioO is achieved (Fig. 6, black curve). The footprinting experiments
also included an ATP concentration sufficiently high to ensure
complete conversion of BirA-bound biotin to bio-5-AMP, the
physiological effector. Surprisingly, comparison of the experimental
binding isotherm to the simulated curve reveals a discrepancy of
approximately 10-fold in the midpoint of the curves (Fig. 7). Since the
simulation is based on known values of the relevant parameters, at
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Fig. 6. Simulations of the [biotin] dependence of (A) bioO occupancy and (B) transcription
repression at multiple BirA concentrations. Red (2x10~7 M), blue (2x10~8 M), black
(2x1079 M) BirA. Combined Eqs. 3 and 4 were used for the simulations with the values of
KpmiKpioo and Ka,piotin set at 2.3x 107 M3 [25] and 6.8 x 106 M~ ! [48], respectively.
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Fig. 7. (A) Simulation and measurement of the [biotin] dependence of Fractional
Saturation of bioO by BirA. The triangles represent the Fractional Saturation of bioO by
BirA determined using DNasel footprinting. The solid curve on the right is dependence
of occupancy on [biotin] simulated assuming that the affinity of BirA for biotin, alone,
dictates [holoBirA] (Fig. 6). The solid line with the data points is the best-fit of the data
to combined Eqs. 3 and 4. In the analysis the value of KpnKpi,o was fixed at
2.3x10'7 M3 and a value of Ka pioin Of 2.7(£0.5) x 103 M~ ! was resolved. (B) Biotin
concentration dependence of bioO occupancy measured at [BirA] of 20 (A), 10 (®) and
7.5 (())nM. The lines represent the best-fit curves obtained from nonlinear least
squares analysis of the data using Eqs. 3 and 4 to obtain values of Kapioin Of 1.7
(£0.1)x1085M~ " and 1.6(£0.1)x 108 M~ ! at 10 and 7.5 nM BirA, respectively.

least one assumption of the model is likely to be incorrect. The
parameter used for the product of the equilibrium dimerization
constant and the equilibrium constant governing the dimer binding to
bioO was experimentally determined [25]. Likewise, the equilibrium
constant governing biotin binding to BirA was also experimentally
determined [48]. Thus, the assumption that holoBirA concentration is
governed by biotin binding alone must be incorrect.

Further consideration of the model in Fig. 2 serves as a reminder
that biotin binding to BirA is coupled to ATP binding, with resulting
bio-5’-AMP synthesis and allosteric activation of repressor dimeriza-
tion [47,49,52] (Fig. 2). Substrate binding is obligatorily ordered, with
biotin binding first followed by ATP. Binding of the adenylate to the
BirA monomer is very tight and is characterized by an equilibrium
association constant of 2.5x10"M~! at 20°C, a value 1000-fold
larger than the association constant governing biotin binding, which
is 6.8x10°M~! [47,48]. However, when the binding isotherm at
20 nM BirA was analyzed with the combined Eqs. 3-4, with the
product of the dimerization and DNA binding constants (KpKpioo)
fixed at the experimentally determined value of 2.3x 10'” M~3[25],
an apparent equilibrium association constant for biotin binding
yielded a value of 2.7(+0.5)x108 M~ ! (Fig. 7A), ~40-fold tighter
than measured for biotin binding to apo-BirA. To determine the
consistency of this parameter, footprint titrations were repeated using
BirA concentrations of 7.5 and 10 nM; results yield apparent
equilibrium constants for biotin binding of the same magnitude
(Fig. 7B). A reasonable explanation of the discrepancy between
equilibrium constant for biotin binding alone and this “effective”
equilibrium constant lies in the coupling of biotin and ATP binding,
which results in an equilibrium association constant that is 30-40-
fold larger than that for biotin alone.

4.5. In vivo biotin-concentration dependent transcription repression
shows good agreement with in vitro binding

Finally, the in vivo dependence of transcription repression by BirA
was determined as a function of exogenous biotin concentration.
Transcription repression at the biotin operon promoter, P4, was
measured using a strain in which the lacZ gene was fused to the bioF
gene [53]. Disruption of the bioF gene by fusion to lacZ renders the
strain auxotrophic for biotin and intracellular biotin concentrations
are regulated by the concentration provided in the media. Multiple
independent measurements of the 3-galactosidase activity yielded
maximal values at the lowest biotin concentration ranging from 180
to 200 Miller units. At the highest biotin concentrations, the activity in
Miller units was approximately 1. Plots of the normalized repression
as a function of biotin concentration (Fig. 8, open circles) show the
same steep dependence on biotin concentration that is predicted by the
model (Fig. 6). However, the repression curve is shifted to higher biotin
concentrations than observed in the repression curve generated from
the in vitro footprinting measurements of the biotin concentration-
dependence of bioO occupancy (Fig. 7 and transformed in Fig. 8,
triangles).

The discrepancy between the in vitro and in vivo titrations could
reflect several possible contributing factors, including differences
between in vivo and in vitro solution conditions and uncertainties in in
vivo protein concentrations. Unlike the Lacl/GalR proteins, nonspecific
DNA binding is not observed even at the relatively low KCl
concentration of 50 mM and thus is not a factor in BirA repression
[50].

To reconcile repression with binding affinities determined by
DNasel footprinting, in vivo “solution” conditions must weaken K,
values compared to those determined in vitro. To estimate the
magnitude of the difference, nonlinear least squares analysis of the
repression data was carried out using combined Egs. (3) and (4) to
obtain the product of the equilibrium association constants governing
dimerization and dimer binding to bioO, Kpjy Kpioo. In this analysis,
the equilibrium association constant for biotin was fixed at the value
of 2x 108 M~ that was obtained from the DNasel footprint titrations
describe above. The best-fit value of Kpps Kpioo, 2.4(2£0.4) x 1016 M3,
differs 10-fold from that obtained from the in vitro DNAsel footprinting
titrations (2.3x 10" M~ 3) [25].

Another potential source of the discrepancy in analysis of the in
vivo repression data is in vivo protein concentration. In the present
analysis, the total BirA concentration was fixed at 20 nM, a value that
is estimated from measurement of the biotin binding activity present
in E. coli extracts [51]. This value must be experimentally determined
for cultures in parallel with transcription measurements. A lower in
vivo BirA concentration would yield a value more in line with the
results of footprint titrations. A second uncertainty is the in vivo BCCP

Normalized Transcription

-10 -9 -8 7
log[biotin](M)

Fig. 8. In vitro and in vivo measurements of the [biotin] dependence of bioO occupancy
(transcription). Triangles represent the normalized transcription predicted from the
measured [biotin] concentration dependence of bioO occupancy (Fig. 7). The circles
(duplicate measurements at each biotin concentration) represent the normalized
transcription measured as a function of [biotin] concentration. In each case the line
represents the best-fit of the data to combined Eqs. 3 and 4 (see text).
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concentration, which would effectively decrease the steady-state
holoBirA concentration by its conversion to apoBirA via catalysis
(Fig. 2). This latter factor is particularly significant for measurements
performed on rapidly dividing cultures, such as those used in these
measurements, due to the positive correlation of BCCP (and the
remaining three subunits of acetyl CoA carboxylase) synthesis with
growth rate [54].

5. Conclusion

To unite in vitro and in vivo analyses of protein function, two types
of information are commonly assumed to be necessary (i) a full
description of all linked equilibria that participate in the biological
function; and (ii) knowledge of which in vitro solution conditions best
match cellular conditions. Several decades of work have been devoted
to mimicking cellular conditions in the test tube, using additives
such as Ficoll (reviewed in [39]). In the past decade, new studies
have directly quantitated in vivo protein folding/stability to compared
results with in vitro measurements [55,56]. Surprisingly, the results
suggest that the effects of cellular “solution” conditions, especially
crowding, do not necessarily dominate protein folding behaviors in
vivo [41].

This feature might be extendable to protein function: In the
current study, the in vitro functions for two different repressor
proteins - in two different assay buffers and subject to two different
mechanisms to vary K4 - both show strong correlations with in vivo
functional data. Equilibria appear to be shifted left or right, but the
protein behavior is not fundamentally altered. Note that both systems
used changes other than solution conditions for altering K4 (mutation
and ligand concentration, respectively).

The robust correlations for these two systems indicate that solution
thermodynamic measurements are very useful for predicting changes in
in vivo function. In turn, in vivo tests provide valuable information about
strategies for improving the predictive capability of in vitro studies. For
example, the addition of terms for coupled looping or nonspecific binding
to the Lacl/GalR model would help to improve the agreement between in
vitro and in vivo results. A major challenge to bridging the divide between
the model and the biological system is the accurate determination of
intracellular protein concentrations, such as for BirA and BCCP. Potential
solutions to this problem include Quantitative Western Blotting or in
vivo labeling methods. Nevertheless, the reasonably close correlation
between binding measurements and transcription repression found for
the two systems illustrates the remarkable power of biothermodynamics
to predict function in biological systems.
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