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Abstract
The ability of the Escherichia coli protein, BirA, to function as both a metabolic enzyme and a
transcription repressor relies on use of a single surface for two distinct protein:protein interactions.
BirA forms a heterodimer with the biotin acceptor protein of acetyl-CoA carboxylase and
catalyzes post-translational biotinylation. Alternatively, it forms a homodimer that binds
sequence-specifically to DNA to repress transcription initiation at the biotin biosynthetic operon.
Several surface loops on BirA, two of which exhibit sequence conservation in all biotin protein
ligases and the remainder of which are highly variable, are located at the two interfaces. The
function of these loops in both homodimerization and biotin transfer was investigated by
characterizing alanine-substituted variants at 18 positions of one constant and three variable loops.
Sedimentation equilibrium measurements reveal that 11 of the substitutions, which are distributed
throughout conserved and variable loops, significantly alter homodimerization energetics. By
contrast, steady-state and single turnover kinetic measurements indicate that biotin transfer to
BCCP is impacted by 7 substitutions, the majority of which are in the constant loop. Furthermore,
constant loop residues that function in biotin transfer also support homodimerization. The results
reveal clues about the evolution of a single protein surface for use in two distinct functions.
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Introduction
Multispecificity in protein:protein interactions provides a mechanism for integration of
seemingly unrelated cellular processes. For example, through its ability to bind to many
distinct protein partners ubiquitin functions in protein turnover, DNA repair, cellular
trafficking and chromatin remodeling.1 Although general mechanisms, including
conformational flexibility and intrinsic disorder2, for achieving multispecific protein binding
have been identified, the evolution of multispecificity in protein interactions remains
obscure. One pressing question is how multispecificity is achieved without severely
impacting function.
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The Escherichia coli biotin protein ligase, BirA, provides an ideal system for investigation
of a multispecific protein binding surface.3; 4 BirA binds biotin and ATP to catalyze
synthesis of bio-5`-AMP, and the resulting enzyme-intermediate complex (holoBirA)
partitions to one of two functions in response to cellular biotin demand (Figure 1). During
rapid growth, when demand is high, holoBirA transfers biotin to the biotin carboxyl carrier
protein (BCCP) subunit of acetyl-CoA carboxylase, the enzyme that catalyzes the first
committed step of fatty acid synthesis.5 ApoBCCP provides the direct signal for biotin
demand6 and only upon its depletion can holoBirA homodimerize and bind sequence-
specifically to the biotin operator DNA, bioO, to repress transcription initiation at the biotin
biosynthetic operon.7 The enzyme intermediate, bio-5’-AMP, binding is required for tight
homodimerization.8; 9 Although post-translational biotinylation is essential for viability,
only a subset of biotin protein ligases are also repressors.10

A single surface on BirA is used for both hetero- and homodimerization(Figure 2A, B) with
both dimers forming by extension of a β-sheet in the BirA central domain.11; 12

Additionally, several BirA surface loops are located in the two interfaces. Previous studies
reveal that substitution or deletion of residues in a subset of these loops results in both
decreased repression in vivo and impaired DNA binding and homodimerization in
vitro.3; 4; 13; 14 A number of these sequence changes also affect the interaction with BCCP.15

Due to their limited scope, these results were insufficient to draw conclusions about the
relationship between the structure of the bispecific BirA surface and its two functions.

Alignment of sequences of bifunctional bacterial ligases provides clues to the evolution of
bispecific protein:protein interactions in BirA (Figure 2C, Supplementary Figure16). The
average sequence identity among these ligases ranges from 90 to 21%. However, alignment
of several interface loop sequences reveals that they fall into two classes designated
“conserved and variable.” The sequences of conserved loops 116–124 and 170–176 are
similar in biotin ligases from bacteria to humans, including mono-functional ligases, which
either do not form homodimers or do so using surfaces distinct from that used by Ec
BirA.17; 18; 19 Consequently, this conservation likely reflects the critical roles of these loops
in heterodimerization and/or biotin transfer. This does not, however, preclude roles for some
of the constant loop residues in homodimerization.3; 4; 13; 14; 15 By contrast, the variable
loop sequences, comprising residues 140–146, 193–199, and 280–283, likely evolved to
support homodimerization while not compromising the essential heterodimerization
function. Furthermore, the sequence variability in these loops for the bifunctional ligases
indicates degenerate solutions to evolution of homodimerization function.

The hypothesized roles of four of the BirA surface loops, including three variable and one
constant loop, in bispecific dimerization were investigated by measuring the functional
consequences of single alanine substitutions for the two reactions. Sedimentation
equilibrium measurements of alanine variants reveal that substitutions in any of the four
loops can impact homodimerization and yield dimerization free energies spanning an 8.0
kcal/mole range. By contrast, steady-state and single turnover kinetic measurements of
biotin transfer indicate large perturbations primarily for alanine substitutions in the
conserved loops. Additionally, the constant loop residues that function in biotin transfer to
BCCP also support the homodimerization reaction. These results reveal a strategy for
acquisition of additional protein interaction potential in a protein surface that is
evolutionarily constrained to function in an essential metabolic reaction.
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Results
Homodimerization is sensitive to alanine substitution in variable and constant loops

The effects of alanine substitutions in the variable loops 140–146, 193–199 and 280–283
and constant loop 170–176 on homodimerization were measured using equilibrium
analytical ultracentrifugation. The conserved loop comprising residues 116–124 was not
included in the present work because previously published data indicate roles for this loop in
both homodimerization and the interaction with BCCP.13; 14; 15 The total number of variants
in the four remaining loops was limited to 18 either because only non-alanine residues were
replaced or the variant protein could not be purified. Since stable dimerization requires
binding of the allosteric effector, bio-5’-AMP, all measurements were performed on
complexes of proteins bound to the adenylate. Saturation was ensured by preparing solutions
at a 1.5:1 molar excess of bio-5’-AMP:protein in the micro molar range of concentration, at
which adenylate binding is stoichiometric. Samples prepared at three protein concentrations
were centrifuged at three rotor speeds (Figure 3) and global analysis of the resulting data
using a monomer-dimer model provided the equilibrium dimerization constant. For each
measurement the agreement between the data and the model was assessed from the
distributions of the residuals of the fits as well as the magnitude of the square root of the
variance of the fit (Figure 3).

Dimerization measurements for all alanine-substituted variants in the four loops indicate a
broad range of equilibrium constants (Table 1). With the exception of the G142A, D176A,
I280A, K172A and K194A variants, the sedimentation equilibrium data for the proteins are
well-described by a monomer-dimer model. The equilibrium constants for the reaction range
from 17×10−3 to 1×10−8 M (Table 1) corresponding to Gibbs free energies of −2.5 to −10.6
kcal/mol (Figure 4A). For the G142A, K172A, D176A, and I280A variants, which exhibit
weak dimerization (Table 1, Figure 4A), the concentration versus radius profiles yielded
only the monomer at the highest loading concentration of 150 µM. Hence, the reported
dimerization constants are lower limits. The K194A variant shows the tightest dimerization
with a KD of approximately 10 nM, which corresponds to an energetic enhancement to
dimerization of approximately −3.5 kcal/mol. The large errors in the equilibrium constant
and free energy of dimerization for this variant (Table 1) reflect the necessity, due to the
detection limits of the instrument’s absorption optics, of using protein concentrations at
which the monomer population was low. Therefore, the reported equilibrium constant and
free energy are upper limits.

Two-step biotin transfer to BCCP is sensitive to alanine substitutions in primarily the
constant loops

BirA-catalyzed biotin transfer is a two-step reaction in which the adenylated intermediate,
bio-5’-AMP, is first synthesized from biotin and ATP and the biotin is then transferred from
the adenylate to BCCP. Since any alanine substitution in the loops can, in principle, affect
either or both of these steps, two assays, one of the overall reaction and the second of biotin
transfer from the intermediate alone, were employed to evaluate the variants. The impact of
each substitution was first measured using steady state kinetic measurements of BirA-
catalyzed 3H-biotin incorporation into a C-terminal fragment of the E. coli acetyl Co-A
carboxylase biotin carboxyl carrier protein, BCCP87, which is functionally equivalent to the
full-length BCCP in BirA-catalyzed biotin transfer.20 In the assay3H-biotin incorporation
into the acceptor protein is monitored as a function of time in reactions in which ATP and
total biotin (labeled plus unlabeled) concentrations were constant and BCCP87
concentration was varied. Biotin and ATP concentration were at saturating and KM,
respectively.21 For each variant, the dependence of the initial rate, obtained from the linear
portion of the product versus time curves (Figure 5A, inset), on BCCP87 concentration was
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analyzed using the Michaelis-Menten formalism to obtain the values of KM and kcat (Figure
5A). The parameters obtained for the variant D197A are 12±2 µM and 0.08±0.01 s−1 for KM
and kcat, respectively, identical to those obtained for wt BirA, of 9±2 µM and 0.060±0.006
s−1, respectively.

Steady-state measurements of biotin transfer catalyzed by the entire set of variants indicate
relative insensitivity of the variable loop sequences to amino acid replacement (Table 2,
Figure 4B). By contrast alanine substitutions in the 170–176 loop yielded three proteins,
K172A, N175A and D176A, that have no activity in catalyzing biotin transfer to BCCP in
the steady-state assay. Additional measurements indicate that these proteins can, when
provided with synthetic intermediate, bio-5’-AMP, catalyze biotin transfer to BCCP87 (see
below). Among the alanine-substituted variants in the variable loops only two, K194A and
G142A, yielded KM values that differ significantly from that measured for the parent wild
type protein. The changes in KM for the two proteins are roughly 5 and 20-fold,
respectively. The kcat values for biotin transfer catalyzed by all variable loop variants are
identical to that measured for BirA wt.

Effects of alanine substitutions on the heterodimer interaction were also assessed using
single turnover measurements of the second half reaction. This assay allows separation of
effects on the interaction of the enzyme intermediate complex with BCCP in the second half
reaction from those on the overall reaction, which is particularly important for this system
because the rate determining step in the overall reaction corresponds to the first half-
reaction, bio-5’-AMP synthesis.20; 21; 22 In these measurements pre-formed BirA-adenylate
is rapidly mixed with apoBCCP87 and the resulting time-dependent increase in the intrinsic
BirA fluorescence signal is monitored (Figure 5B).20 This increase, which accompanies the
conversion of adenylate-bound BirA to apoBirA that occurs upon biotin transfer, has been
shown to parallel product, bioBCCP, accumulation.22 Analysis of each transient was
performed using either a single exponential or double exponential model (Figure 5B). For
variants that exhibit double exponential behavior the apparent rate of the first, faster phase
increases with acceptor protein concentration and that of the second phase is substrate-
concentration independent.20 Apparent rate versus BCCP concentration data show a linear
dependence with no leveling off (Figure 5C). The simplest interpretation of this behavior is
that it reflects collision of the enzyme˙ intermediate complex with apoBCCP, which, in the
kinetic scheme shown below, is governed by the bimolecular rate constant k1:

(Equation 1)

The slope obtained from linear regression of the rate versus acceptor protein concentration
profiles yields the bimolecular association constant governing ternary complex formation, k1
(Figure 5C), from BirA˙bio-5’-AMP and BCCP.22 The concentration-independent phase,
which occurs with a rate of approximately 0.2 s−1, is assigned to the product dissociation
step governed by k2.20; 22

Rate versus concentration profiles for all 18 variants indicate that the majority of the
proteins behave identically to wild type BirA (Table 2, Figure 4C). Of the seven variants
that deviate, four are proteins with substitutions in the constant loop. Only three variants
with substitutions in variable loops including G142A, K194A and G196A differ from
wtBirA in biotin transfer from the adenylate. All variants exhibit the same linear dependence
of apparent rate on substrate concentration that is observed for wild type BirA. However, the
magnitudes of k1 values obtained for these proteins are 2.5-600 fold slower than that of the
wild type protein (Table 2), indicating that they are compromised in the rate at which they
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associate with apoBCCP. Moreover, with the exception of G196A, for variants that could be
assayed using both steady-state and single turnover methods, decreases in k1 correlate with
increases in KM, consistent with the Michaelis constant reflecting, in part, binding of the
enzyme˙intermediate complex to the acceptor protein. Two of the variants, N175A and
G196A, exhibit a hyperbolic dependence of rate on acceptor protein concentration and
analysis of the rate versus substrate concentration for these proteins was, consequently,
performed using a Michaelis-Menten model to obtain kcat/KM for the reactions. The
maximal biotin transfer rate exhibited by these two variants of 0.2 s−1 is equivalent to the
rate of product dissociation from the wild type enzyme.20 Thus, the hyperbolic dependence
reflects the similarity in the magnitudes of the apparent rates for the two kinetic phases at
the substrate concentrations employed for these two variants.

Discussion
The roles of BirA loop sequences in its two functions were assessed using combined
sedimentation equilibrium and kinetic analysis of alanine substituted proteins. Consistent
with the hypothesis that the variable loop sequences support the homodimerization required
for transcription repression, alanine substitutions in the 140–146, 193–199, and 280–283
loops have large energetic consequences for homodimerization but only minor impact on
heterodimerization. Contrary to the hypothesized role of constant loops in biotin transfer
only, the 170–176 loop sequence functions in both interactions.

Previous studies of the thermodynamics of BirA homo- and heterodimerization indicate that
although the Gibbs free energies measured for the two interactions at 20°C are similar, the
underlying enthalpic and entropic contributions are very different,15 consistent with distinct
structural determinants for the two interactions. The measured effects of alanine
substitutions in the four surface loops on homodimerization and biotin transfer allow
mapping of these structural differences (Figure 6). Highlighting of loop residues at which
alanine substitution results in large perturbations to the homo or hetero interaction indicates
distinct gross features of the two interfaces. Data obtained previously on the 116–124 loop,
which functions in both homodimerization and biotin transfer, are included in this
analysis.13–15 The homodimer interface consists of two dyad symmetric sub-interfaces, each
of which is characterized by continuous interaction between the variable loop residues of
one monomer with the constant loop residues of the second. By contrast, the heterodimer
interface is bipartite with the constant loops, which constitute the enzyme active site,
forming one locus of interaction and the 193–199 loop forming the second.

Detailed structural interpretation of the energetic consequences of alanine substitutions for
homodimerization is complicated by the known inherent flexibility of variable loops 140–
146 and 193–199 and constant loop 116–124, which are disordered in the apoBirA monomer
structure.23 Thus alanine substitutions can potentially result in altered conformations of any
of these loops. Furthermore, for several variants the functional effects may reflect a
disruption of intermolecular and/or intramolecular interactions. For example, replacement of
V171 with alanine renders dimerization more favorable by −2 kcal/mole. In the wild type
BirA dimer structure the V171 side chain is packed in the interior of each protein monomer
far from the interface. Disruption of another apparently purely intramolecular interaction
between I280 and W310 leads to a 3.5 kcal/mole penalty for dimerization when the
isoleucine is replaced by alanine. The D197 side chain interacts electro statically with R119
in an intermolecular interaction and substitution of the D with A results in a 2.3 kcal/mole
energetic penalty to dimerization. The stabilizing effect of the K194 replacement reflects the
relief of charge repulsion between the positively charged lysine and multiple arginine side
chains in 116–124 loop of the opposing monomer. Relative to homodimerization, alanine
replacement of a small number of residues impacts biotin transfer. The inability of constant
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loop variants K172A, N175A and D176A to synthesize bio-5`-AMP and their slow rates of
biotin transfer to BCCP likely reflects roles for these side chains in positioning of biotin and
ATP in the active site, as well as associating with BCCP to transfer the biotin from the
adenylate. Interpretation of the slow rate of biotin transfer observed for the K194A variant is
complicated by the fact that it exists as a dimer, which competes with apoBCCP binding, at
the 500nM concentration required for detection in the stopped-flow fluorescence
measurements. Nevertheless, in the holoBirA˙BCCP model the distance between the epsilon
amino group of K194 on BirA and the carboxylate of E128 of BCCP is consistent with
formation of a salt bridge. This interaction may, in part, form the basis of the selectivity that
is observed in the biotin transfer reaction.22

The results reported in this work when combined with those of previous studies suggest a
model for how the surface loops on BirA support bispecific protein:protein interactions.
First, structural information in constant loops is multi-functional. Alanine substitutions in
the 170–176 loop indicate perturbations to bio-5’-AMP synthesis, biotin transfer to the
acceptor protein, and homodimerization. Previous studies of the second constant loop
comprising residues 116–124 indicate similar complexity in its function with variants
exhibiting defects in biotin and bio-5’-AMP binding, hetero- and homodimerization.13; 14; 15

The sequence conservation in these loops reflects their critical roles in the multi-step post-
translational biotin addition reaction that is required for viability. Second, in the homodimer
interface the variable loop sequences complement the constant loops. This is illustrated in
Figure 6, which shows that in the homodimer interface the majority of the variable loop side
chains that are functionally sensitive to alanine substitution contact constant loop residues.
Thus, it is the complementarity of variable loop side chains to the constrained residues of the
constant loops that enables use of a single surface on BirA for two distinct protein:protein
interactions.

The range of homodimerization energetics measured for the loop variants illustrates the ease
with which the interaction can be significantly altered through minor structural changes.
These large energetic changes reflect, in part, the two-fold symmetry of the homodimer
interface, with each alanine substitution perturbing at least two interactions. The large
impact on homodimerization coupled with the absence of impact of several amino acid
changes in the variable loops on heterodimerization/biotin transfer prompts consideration of
why wild type BirA did not evolve to homodimerize more tightly. From the standpoint of
transcription repression alone, tighter dimerization would lead to energetically more
favorable assembly of the BirA˙bioO complex and resulting greater repression. It is possible
that if homodimerization were too tight, heterodimerization could not compete, with
resulting deleterious consequences for viability. Comparison of the results of steady state
and single turnover kinetic measurements for the K194A variant supports this possibility.
The lack of an effect on kcat in the steady state measurements reflects the experimental
design in which reactions are initiated by enzyme addition. Upon bio-5’-AMP synthesis the
significantly higher apoBCCP concentration ensures that the enzyme intermediate complex
collides with acceptor protein rather than itself. By contrast, in the single turnover
measurements pre incubation of the K194A variant in its complex with the adenylate results
in significantly slower biotin transfer to BCCP than is observed for the wild type enzyme.
This slower transfer may be limited by homodimer dissociation. An alternative explanation
for the relatively weak homodimerization is that very tight dimerization would render the
repression sensitive to biotin concentrations that are insufficient to support viability.
Assembly of the repression complex occurs via coupled dimerization of the adenylate-bound
monomer and binding of the pre-formed dimer to bioO.7 Simulations of the dependence of
transcription repression on biotin concentration indicate that as the equilibrium dimerization
constant for holoBirA becomes tighter, repression occurs at lower biotin concentrations.24

These predictions are currently being tested.
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In general, protein surface loops can serve important roles in mediating interactions with
other proteins. Structure-based sequence alignments of common domains have led to the
proposal that surface loops evolve to either allow (enable) or prevent (disable) an
interaction.25 A surface loop on the E. coli guanylate kinase has been experimentally
demonstrated to promote its oligomerization.26 In some cases loop length, and not sequence,
is the most important property for self-association.27 Alternatively, as observed in BirA, the
particular loop sequence is important for tuning dimerization energetics.28 However, the
variability in 140–146, 193–199 and 280–283 loop sequences among bifunctional ligases in
general suggests that many sequences can support homodimerization. This apparent
tolerance of homodimerization to sequence variation, which may be facilitated by the
intrinsic structural flexibility of the interface loops, is intriguing in light of the
complementarity between variable and constant loop side chains in the Ec BirA homodimer
interface (Figure 6).

This work demonstrates that variable surface loops evolved to support BirA function in the
homodimerization required for transcription repression by complementing the constant
loops, which are constrained because of their essential role in post-translational biotin
addition. The results further illustrate that relatively subtle changes in surface loop sequence
can elicit large energetic changes in protein:protein interactions. The observations have
implications for both evolution of protein:protein interactions and the design of novel
interactions.

Materials and Methods
Chemicals and Biochemicals

All chemicals used in buffer preparation were at least reagent grade. The isopropyl-β-D-
thiogalactoside (IPTG), phenylmethylsulfonyl fluoride (PMSF), polyethyleneimine (PEI),
unlabeled biotin and ATP were purchased from Sigma. The 1,4-dithio-DL-threitol (DTT)
was purchased from Research Organics. Biotin [8, 9- 3H] was purchased from Perkin Elmer
and stored under argon at −70°C. ATP was prepared by dissolving the disodium salt in water
and adjusting the pH to 7.5 and its concentration was determined using UV absorbance with
an extinction coefficient of 15400 M cm−1 at 259 nm. The unlabeled biotin stock solution
was prepared by dissolving biotin in 10 mM Tris HCl, 200 mM KCl, 2.5 mM MgCl2 and
adjusting the pH to 7.5 at 20°C. The bio-5`-AMP was synthesized and purified as previously
described.29; 30 The 87 amino acid C-terminal fragment (BCCP87) of biotin carboxyl carrier
protein from acetyl-CoA carboxylase was purified as previously described.20

Mutagenesis and expression and purification of BirA variants
Site directed mutagenesis was performed using the Quik Change II XL Site-Directed
Mutagenesis kit (Stratagene) using a pBtac2 (Boehringer Mannheim) derivative that
contains the BirA coding sequence under transcriptional control of the tac promoter. A C-
terminal (His)6 tag, which has no effect on function, enabled purification of the variant
proteins away from the chromosomally encoded wt BirA. After DpnI digestion of the
mutagenized plasmid, the DNA was transformed into XL10-Gold cells (Stratagene) and
several single colonies were screened for expression. The sequences were confirmed for the
entire gene. Proteins were purified as previously described31, with the exception that a final
Q-Sepharose column step was added. The absorbance at 280 nm was used to calculate the
concentration of each protein using the molar extinction coefficient of 47510 M−1 cm−1

calculated from the amino acid composition.32 Each protein was approximately 95% pure,
as assessed by SDS-PAGE analysis, and all proteins were >90% active as determined by
stoichiometric titrations with bio-5`-AMP monitored by fluorescence spectroscopy.29
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Sedimentation equilibrium measurements
Homo-dimerization of each protein bound to bio-5’-AMP was determined by sedimentation
equilibrium using a Beckman Coulter Optima XL-1 analytical ultra centrifuge with a four-
hole An-60 rotor. Standard 12 mm six-hole or 3 mm two-hole cells with charcoal-filled
Epon centerpieces and sapphire windows were used in all experiments. Prior to
centrifugation, proteins (~ 400 µl) were exhaustively dialyzed against Assay Buffer (10 mM
Tris-HCl, pH 7.5, 20°C, 200 mM KCl and 2.5 mM MgCl2). The bio-5`-AMP, which was
diluted into the dialysis buffer immediately before sample preparation, was added at a 1.5:1
molar ratio to protein. Samples prepared at three protein concentrations were centrifuged at
three rotor speeds33 (ranging from 18K to 26K rpm) at 20°C. After reaching equilibrium at
each speed the absorbance at 295 or 300 nm was measured with a step size of 0.001 cm and
five replicates per step.

Steady State Kinetic Measurements
Kinetics of biotin transfer as a function of BCCP87 concentration was measured by
monitoring the incorporation of [3H]-biotin into BCCP87. Reactions containing 5 µM cold
biotin, 60 nM [3H]-biotin (specific activity 32.6 Ci/mmol), 2.5 mM ATP, 0.1 mg/ml
acetylated bovine serum albumin carrier protein (Invitrogen) and a range of apoBCCP87
concentrations were performed at 20°C in Assay Buffer. After initiation by addition of BirA
(wt or variant) that had been pre incubated at 20°C to a final concentration of 100 nM
(G193A, 50 nM) 20 µl volumes of the reaction were quenched at various time points by
spotting onto What man filter paper that had been pretreated with a solution containing 1
mM biotin and 10% trichloroacetic acid (Alfa Aesar) in water, and washed as previously
described.34; 35 Each dried filter paper was transferred to a scintillation vial containing
Ready Protein+ cocktail (Beckman Coulter) and radioactivity was measured by scintillation
counting for 10 minutes.

Initial Rate Measurements of Biotin Transfer from the Intermediate, bio-5’-AMP
The rates of BirA-catalyzed biotin transfer from bio-5`-AMP to the BCCP87 acceptor
substrate were measured using a Kintek SF-2001 stopped-flow instrument equipped with
fluorescence detection. A solution of the enzyme, wt or alanine variant, at a concentration of
1µM was first pre-incubated for at least 15 minutes with either 800 nM biotin and 500 µM
ATP or 800 nM bio-5`-AMP at 20°C. The resulting enzyme˙intermediate complex was
rapidly mixed at a 1:1, vol:vol ratio with BCCP87 to achieve final concentrations of 400 nM
and 10–90µM of BirA˙bio-5’-AMP and apoBCCP87, respectively. Bio-5`-AMP was used
for variants K172A, N175A and D176A, which are incapable of bio-5`-AMP synthesis. The
excitation wavelength was 295 nm and emission was measured above 340 nm using a cutoff
filter (Corion Corp.). At least four traces were obtained at each BCCP87 concentration.

Data Analysis
Sedimentation equilibrium—The individual absorbance versus radius profiles were
analyzed separately and globally using a single species model to obtain the reduced
molecular weight, σ, using the program Win Non Lin,36 from which the molecular weight
was calculated using the following relationship,

(2)

where M is the molecular weight, ν̅ is the partial specific volume of the protein, ρ is the
density of the buffer, ω is the angular velocity of the rotor, R is the gas constant and T is the
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absolute temperature. The nine data sets were then globally analyzed using a monomer-
dimer model37 to obtain an association constant, Ka, using the equation,

(3)

where ct is the total concentration at position r, δ is the baseline offset, cm(ro) is the
concentration at the reference radial position ro, and σm is the reduced molecular weight of
the monomer. The association constants, which are obtained in absorbance units from the
analysis, are reported as molar equilibrium dissociation constants or KDIM. The quality of
each analysis was assessed by the square root of variance of the fit and the distribution of
residuals.

Steady-state kinetic measurements—The initial velocity, obtained as the slope of the
cpm versus time plots, versus BCCP87 concentration data were subjected to non-linear least
squares analysis using the Michaelis-Menten equation in GraphPad Prism 438 to obtain Vmax
and KM. The Vmax and kcat values were converted from counts/min to micro molar biotin
using the relation between counts/min and micromoles obtained from a control reaction
performed at conditions in which the 3H biotin is quantitatively incorporated into BCCP87.

Single turnover kinetic measurements—The fluorescence intensity versus time
traces, obtained for each variant at a range of BCCP87 concentrations, were analyzed using
either a single or double exponential model to obtain apparent rate(s). Further analysis of the
rate versus concentration profiles was performed as described in Results.

Supplementary Material
Refer to Web version on PubMed Central for supplementary material.
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• We investigated the roles a of single protein surface in two distinct functions.

• Alanine replacements in loops on the protein surface were constructed.

• The protein variants were subjected to functional analysis.

• Co-evolution of surface loop sequences underlies bi-functionality.
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Fig. 1.
The Escherichia coli Biotin Regulatory System: BirA catalyzes bio-5`-AMP synthesis from
biotin and ATP, and the resulting holoBirA either channels biotin to metabolism by linking
it to BCCP or homodimerizes and binds sequence-specifically to the biotin operator to
repress transcription of the biotin biosynthetic operon.
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Fig. 2.
Models of holoBirA-BCCP87 heterodimer (A) and holoBirA homodimer (B). Rotation of
the molecules by 90° displays cross-sections of the heterodimer interface (bottom left) and
homodimer interface (bottom right), highlighting the surface loops involved in the two
interactions. All models were created using Pymol39 with input file 2EWN for the
homodimer and a file constructed by Zachary Wood for the heterodimer. This model, which
uses the experimentally determined structure of the Pyroccocushorikoshi biotin protein
ligase:BCCP complex as a template (2EJG)19, was constructed using the holoBirA monomer
coordinates from 2EWN12 and the coordinates for apoBCCP87 (1BDO)40 C. Multiple
sequence alignment of several bifunctional microbial biotin protein ligases performed using
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Clustal W.16 The color codes for loop sequences correspond to the coloring of loops in the
models in A and B.
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Fig. 3.
Absorbance versus radius profiles of E140A-bio-5`-AMP obtained at 40 µM protein
concentration and centrifuged at 18 (×), 22 (□) and 26 (○) k rpm. The lines represent the
best-fit curves obtained from global analysis of three data sets to a monomer-dimer model.
The residuals of the fits are shown in the lower panel.
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Fig. 4.
Homodimerization energetics and kinetic parameters for biotin transfer to BCCP. A. Gibbs
free energies of homodimerization. B. The kcat/KM values for biotin transfer to BCCP87
obtained from steady-state measurements. *Not Determined. C. The bimolecular rates of
association, k1, of variants with BCCP87 obtained from single turnover kinetic
measurements. The kinetic parameters obtained for B and C are shown on a natural
logarithmic scale to place them on an energy scale. Error bars for each graph represent the
68% confidence intervals. The bar color coding in each panel is wt BirA (white) and
variable loop 140–146 (black), constant loop 170–176 (medium-gray), variable loop 193–
199 (dark gray) and variable loop 280–283 (light gray).
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Fig. 5.
Kinetics of biotin transfer to BCCP. A. Steady state kinetic analysis of the two-step BirA-
catalyzed biotin transfer reaction. Inset: initial rates of biotin incorporated at 5 µM (■), 25
µM (▲), 75 µM (▼) and 100 µM (♦) BCCP concentrations. For clarity only four of seven
lines are shown. Each data point is an average of two independent measurements with error
bars representing the standard error. Initial rates versus substrate concentration were
subjected to nonlinear least squares analysis using the Michaelis-Menten model. Each initial
rate represents the average of values measured in two independent experiments, with error
bars representing the standard error. B. Stopped-flow measurements of biotin transfer to
BCCP in the second half reaction. The fluorescence intensity versus time trace for D197A at
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90 µM BCCP is shown with residuals for a single exponential model (middle panel) or a
double exponential model (lower panel). C. The dependence of the apparent rate of biotin
transfer on apoBCCP concentration. The plots obtained for wt BirA (■), T195A (▲) and
V171A (▼) are shown. Each data point is the average of rates obtained from at least four
stopped flow traces and the lines represent the best fits of the rate versus concentration
profiles to a linear equation.
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Fig. 6.
The BirA heterodimer (A) and homodimer (B) interfaces with residues that exhibit
sensitivity to alanine substitution (with k1 rates at least 20 times less than wt BirA, or the |
ΔΔGdim|≥1kcal/mole) highlighted. The color-coding is identical to that used for the loops in
Figure 2. The data for the 116–124 loop (in blue) were obtained from previously published
results.13; 14; 15
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Table 1

Equilibrium Parameters for Dimerization of BirA Variants

BirA variant Kdim (M)a,b ΔGo
dim

(kcal/mol)c

Wild Type 7 ( ± 3) × 10−6 −6.8 ( ± 0.3)

E140A 22 ( ± 5)× 10−6 −6.2 ( ± 0.2)

Q141A 3 ( ± 2) × 10−6 −7.5 ( ± 0.3)

G142A 17 (± 52) × 10−3 −2.4 ( ± 0.9)

P143A 4 ( ± 1) × 10−5 −5.9 ( ± 0.2)

R170A 4 ( ± 1) × 10−5 −6.0 ( ± 0.2)

V171A 3 ( ± 2) × 10−7 −8.8 ( ± 0.6)

K172A 7 ( ± 4) × 10−4 −4.2 ( ± 0.5)

N175A 6 ( ± 2) × 10−5 −5.7 ( ± 0.2)

D176A 6 ( ± 6) × 10−3 −3.0 ( ± 0.4)

G193A 5 ( ± 4) × 10−7 −8.4 ( ± 0.5)

K194A 1 ( ± 7)× 10−8 −10.6 ( ± 2.4)

T195A 10 ( ± 4) × 10−5 −5.3 ( ± 0.2)

G196A 5 ( ± 4))c × 10−6 −7.1 ( ± 0.4)

D197A 5 ( ± 3) × 10−4 −4.5 ( ± 0.3)

I280A 4 ( ± 3) × 10−3 −3.3 ( ± 0.7)

G281A 9 ( ± 4) × 10−5 −5.4 ( ± 0.3)

D282A 2 ( ± 2) × 10−6 −7.8 ( ± 0.6)

K283A 12 ( ± 7) × 10−6 −6.6 ( ± 0.4)

The equilibrium constants were measured in Standard Buffer (10 mM TrisHCl, pH 7.50±0.02 at 20°C, 200 mM KCl, 2.5 mM MgCl2) as described

in “Materials and Methods.” In all cases the protein was saturated with bio-5’-AMP. The Gibbs free energies were calculated using the equation

ΔGo=RTlnKdim.

a
The errors represent the standard error of two independent experiments

b
The Kdim values reported for G142A, K172A, D176A, and I280A are lower limits and that for K194A is an upper limit.

c
The reported uncertainties for each variant were calculated using standard error propagation methods
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Table 2

The steady-state and single turnover kinetic parameters for BirA-catalyzed biotin transfer to BCCP87

BirA variant KM(BCCP)

(µM)a
kcat (s−1)a kcat/KM(M−1s−1)b k1 (M−1s−1)c

Wild Type 9 ± 1 0.060 ± 0.003 6700± 800 12,800 ± 800

E140A 8 ± 3 0.07 ± 0.01 8800± 3500 13,900 ± 800

Q141A 9 ± 1 0.07 ± 0.02 7800 ± 2400 16,000 ± 1000

G142A 214 ± 9 0.05 ± 0.02 230 ± 90 440 ± 10

P143A 13 ± 1 0.070 ± 0.005 5400 ± 600 14,500 ± 1200

R170A 16 ± 2 0.080 ± 0.002 5000± 600 13,700 ± 800

V171A 23 ± 6 0.050 ± 0.003 2200 ± 600 1100 ± 100

K172A N.D.d N.D. N.D. 320 ± 50

N175A N.D. N.D. N.D. 4100 ± 100

D176A N.D. N.D. N.D. 20 ± 2

G193A 11 ± 3 0.070 ± 0.005 6400 ± 1800 12,000 ± 1000

K194A 64 ± 9 0.090 ± 0.005 1400 ± 200 700 ± 100

T195A 19 ± 3 0.07 ± 0.01 3700 ± 800 10,400 ± 800

G196A 8 ± 1 0.070 ± 0.005 8700 ± 1300 5000 ± 100

D197A 12 ± 2 0.08 ± 0.01 6700 ± 1400 17,000 ± 1000

I280A 12 ± 1 0.0600 ± 0.0003 5000± 400 12,500 ± 600

G281A 20 ± 2 0.09000 ± 0.00005 4500± 500 14,000 ± 1000

D282A 9 ± 2 0.060 ± 0.003 6700 ± 1500 14,400 ± 800

K283A 17 ± 1 0.050 ± 0.001 2900 ± 200 10,100 ± 500

The kcat, KM and k1 values were measured as described in Materials and Methods in Standard Buffer (10 mM Tris HCl, pH 7.50±0.02 at 20°C,

200 mM KCl, 2.5 mM MgCl2)

a
The errors represent the standard error of two independent experiments

b
The reported uncertainties were calculated using standard error propagation

c
The errors represent the uncertainties in the linear regression of the kobs versus [apoBCC87] profiles.

d
N.D.-Not Determined because these variants were incapable of catalyzing bio-5’-AMP synthesis.
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