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Abstract

The binding of theEscherichia colibiotin holoenzyme synthetase to the two ligands, biotin and bio-5
AMP, is coupled to disorder-to-order transitions in the protein. In the structure of the biotin complex, a
“glycine-rich” loop that is disordered in the apo-enzyme is folded over the ligand. Mutations in three
residues in this loop result in significant changes in the affinity of the enzyme for both biotin and-bio-5
AMP. The kinetic basis of these losses in the affinity resides primarily in changes in the unimolecular rates
of dissociation of the complexes. In this work, isothermal titration calorimetry has been employed to
examine the detailed thermodynamics of binding of three loop mutants to biotin and-AB. The
energetic features of dissociation of the protein-ligand complexes also have been probed by measuring the
temperature dependencies of the unimolecular dissociation rates. Analysis of the data using the Eyring
formalism yielded entropic and enthalpic contributions to the energetic barrier to dissociation. The ther-
modynamic results coupled with the known structures of the apo-enzyme and biotin complex have been used
to formulate a model for progression from the ground-state complex to the transition state in biotin
dissociation. In this model, the transition-state is characterized by both partial disruption of noncovalent
bonds and acquisition of some of the disorder that characterizes the glycine-rich loop in the absence of
ligand.
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Protein:ligand interactions have been studied extensively ahagnetic resonance studies. One major challenge to eluci-
structural and functional levels to gain atomic-level under-dating the structure:function relationships in ligand-binding
standing of the origins of the affinities and specificities processes is the common occurrence of structural changes in
exhibited by these systems. Gibbs free energies of bindinthe ligand and/or protein upon complexation.
as well as the enthalpic and entropic contributions to the Experimental strategies employed to elucidate structure-
total binding free energy for protein-ligand interactions areenergetic relationships in noncovalent association of pro-
obtained from equilibrium thermodynamic measurementsteins with ligands include measurements of the conse-
From results of these solution studies, the major drivingquences of structural perturbation for the functional ener-
forces for these binding processes are delineated and agetics of the system. The impact of a structural perturbation
tempts are then made to relate the energetics to structurah the Gibbs free energy, enthalpy, and entropy of the bind-
features gleaned from X-ray crystallographic and/or nucleaing reaction are determined. Through studies of a number
of, for example, single-site mutants of the protein compo-
nent of a binding system, estimates of the energetic contri-
Reprint requests to: Dorothy Beckett, Department of Chemistry an dbutlons of individual atomic-level interactions to the total

Biochemistry, University of Maryland, College of Life Sciences, College Pinding free energy can be assessed. This approach also
Park, MD 20742, USA; e-mail: db248@umail.umd.edu; fax: (301) 314- allows determination of additivity in the system.
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Article and publication are at http://www.proteinscience.org/cgi/doi/ In _exa_lmlnlng the eﬁeCtS of structural perturbatlons on.
10.1110/ps.33502. protein-ligand interactions, one often observes that the ki-
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Kinetics and thermodynamics of ligand binding specificity

netic basis of a change in the equilibrium constant for an the complex (Fig. 1). A segment of this loop is charac-
binding process resides solely in a change in the dissociderized by the sequen¢GRGRXG"*°that is conserved in
tion rate of the complex (Miller et al. 1983). Changes in thethe sequences of all known biotin holoenzyme ligases (Tis-
rate of association of a protein with a ligand as a result ofot et al. 1997). Energetic penalties associated with binding
structural perturbation also may be observed (see Li et abf the two ligands to BirA variants with loop mutations at
2001 for examples). For systems that are controlled by theositions 115, 118, and 119 range from 1 to 5 kcal/mole in
dissociation kinetics, a fruitful avenue for elucidating the the Gibbs free energy of the binding interactions (Kwon and
structural basis of the stability of a protein-ligand complexBeckett 2000). Moreover, the kinetic origin of the altered
is to gain a detailed understanding of the process of “disequilibrium dissociation constant governing binding of each
sociation” of the complex to the free protein and ligand. Onemutant protein to biotin or bio‘5AMP lies solely in a
approach for examining the dissociation process is applicachange in the unimolecular rate of dissociation of the com-
tion of the Eyring formalism to analysis of the temperatureplex (Table 1; Kwon and Beckett 2000). The positions of
dependence of the dissociation rate. Results of such athme three mutations in the protein structure are highlighted
analysis can be used to gain insight into the major barrier tan Figure 1. Although all three amino acids are located in the
the dissociation process by allowing partitioning of the tran-“glycine-rich” loop that is organized over the biotin ligand
sition-state free energy into enthalpic and entropic compoin the complex, only one of the side chains is in close
nents. This treatment of the process of dissociation of a

ligand from a protein is admittedly simplistic in that it as-

sumes a single kinetic barrier to ligand dissociation. How- 2128

“glycine-rich loop™

ever, extensive studies of the streptavidin-biotin bindinc 193-199 —-
system underscore the utility of this approach in revealinc

energetic and structural features of the “rate-determining’ 140-146—>
step in dissociation of a protein-ligand complex (Stayton e

al. 1999; Hyre et al. 2000). Combined ground-state anc /
transition-state thermodynamic analysis of the protein-li-

gand interactions provide more complete information abou 3‘

the factors controlling specificity.
TheEscherichia colrepressor of biotin biosynthesis/bio- | /
tin holoenzyme synthetase, BirA, binds to two small li-

gands, biotin and biotinyl'5AMP, in its functional cycle
(Lane et al. 1964). Biotin functions as a substrate along witf
ATP in the synthesis of bio‘BAMP (Lane et al. 1964). The
resulting adenylate is the activated intermediate in biotir

transfer to a specific lysine residue of the Biotin Carboxyl ,--‘V‘(
Carrier Protein subunit of Acetyl-CoA carboxylase. Binding R1197 7
of both the substrate, biotin, and intermediate, biAMP, R1 18

to BirA is thermodynamically favorable and the Gibbs free
energies for the interactions measured at 20°C and pH 7.
are —10 and -14 kcal/mole, respectively (Xu and Becket
1994). Kinetically, the difference in affinity of BirA for the -
two ligands is manifested primarily in differences in the Q’

D176

magnitudes of the unimolecular dissociation rates of the
complexes (Xu and Beckett 1994). In addition, binding of g )
both ligands to BirA is characterized by biphasic kinetics : .~ A
with the first step reflecting formation of a collision com-

plex and the second step corresponding to a unimolecmd:'jg. 1. (a) Model of the three-dimensional structure of the BirA-biotin

conformational change in the complex. Dissociation of ei_monomer isolated from the second monomer in the dimer structure
g piex. (Weaver et al. 2001). The biotin ligand is shown in yellow under the

ther ligand from the protein is limited by reversal of the gycine-rich loop (112-128). The two additional loops, 140-146 and 193—
conformational change (Xu et al. 1995). A high-resolution199, that were resolved in the structure of the complex but not in the
structure of the BirA-biotin complex has been determineckpoBirA structure also are indicated in the figurl) Detail of the inter-
(Weaver et al. 2001). Comparison of the structure of proteiri"c“on of the gly_cme-nch loop with blot‘m in the pomplex. The side <_:ha|ns

. . . of the three residues that are the subject of this work are shown in cyan.
in the complex to that of the apoprotein (Wilson etal. 1992)y;,. 1176 ige chain that forms a salt bridge with R118 is shown in black.
reveals that binding of biotin involves a disorder-to-orderodels were generated using MolMol (Koradi et al. 1996) with the file

transition in a protein loop that directly contacts the ligandiHXD as input.
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Table 1. Kinetic and equilibrium constant governing binding of based. Patterns of transition-state enthalpy and entropy

BirA variants to biotin and bio-5AMP* changes are complex and do not directly correlate with
. ground-state perturbations. The results were interpreted in

Variant/ . .. .

ligand kot (7 kon(ML 579 K (M) the context of the known disorder-to-order transition that is

coupled to ligand binding by BirA. These results, in com-

biotin bination with previous results of kinetic studies of this sys-

wt 0.33 (+0.01) 7.4(x0.3)x 10 4.5(+0.2) x 10° tem, suggest that, in addition to partial disruption of non-

G115S 80 (+20) 9 (£2) x 1607 9 (£3) x 10° . covalent bonds, conversion of the complex from the ground

Eﬂg\?v 0 ig Efg)m) 12'2(;%22))115% ;g Efg'g - 137 state to the transition state in dissociation is accompanied by
B o T acquisition of flexibility by the glycine-rich loop.

bio-5'-AMP

wt 0.00027 (x0.00003) 6.0 (x0.6) x 10 4.5 (x0.7)x 10" Rasylts

G115S 0.84 (+0.03) 7.0(x0.7) x 80 1.2 (+0.1) x 107

R118G 0.119 (+0.006) 6(x1)x 0  2.0(x0.3) x 108

R11OW  0.00009 (+0.00001) 4.9 (x0.2) x°10 1.8(x0.2)x10**  Equilibrium thermodynamics of biotin
and bio-3-AMP binding to the BirA mutants

2 All parameters were previously reported in Kwon and Beckett (2000). . . . .
The equilibrium dissociation constants{Jwere calculated from the mea-  R€SUItS of kinetic measurements of binding of wild-type and

sured unimolecular dissociation rate constangg)(knd bimolecular asso-  mutant BirA proteins to biotin and bio*5AMP at 20°C are

e e T 205 S00S110WN I Table 1 (Kwon and Beckett 2000) Equilbrium

mM KCI, 2.5 mM MgCl, at 20.0 + 0.1°C). dissociation constants for the binding reactions, which were
calculated from the kinetic parameters, are shown as well.
The Gibbs free energies of interaction of the four proteins

proximity to the ligand. The glycine at position 115, muta- with the two ligands were calculated from the equilibrium

tion of which to serine results in the largest effects on biotinconstants and are shown in Table 2. As indicated by the

and bio-3-AMP binding, lies directly over the biotin ring magnitudes of the Gibbs free energies, the energetic penal-

system in the complex. The arginine side chain of residugies for the two binding processes associated with the three

118 forms a salt bridge with the side chain of D176 and doesgnutations range from 1.0 to 3.1 kcal/mole for biotin binding

not directly contact the biotin. Effects on ligand binding and —0.4 to 4.7 kcal/mole for adenylate binding at 20°C.

measured for the R118G mutant are intermediate betweegothermal titration calorimetry (ITC) has been employed to

those measured for the G115S and R119W mutations. Thigrther characterize the thermodynamic profiles for binding

latter mutation results in only a modest change in the affin-of the mutants to the two ligands. These measurements were

ity of BirA for biotin and, as indicated in the figure, R119 performed under stoichiometric conditions so that in the

projects away from the protein in the structure. This residue

is located at the monomer-monomer interface in the BirA _ o

dimer structure (Weaver et al. 2001). Table 2. Thgrmodynamlc parameters for binding of small

In this work, the detailed thermodynamics of interaction 1921dS t0 BirA variants
of the three BirA mutants, G115S, R118G, and R119W yariantligand AG°(kcallmolf ~ AH°(kcal/molf  -TAS®(kcal/molf
with the two ligands biotin and bio*5AMP, are examined.

Isothermal titration calorimetry has been used to measurB°in

the heats of binding of the proteins to the two ligands and tavt -9.9 (+0.1) -9.4 (+0.3) -0.5 (+0.3)

determine the heat capacity changes associated with tHgl15S -6.8(+0.2) -5.0 (x0.3) -1.8 (x0.4)

binding processes. The combined results of calorimetri®18G ~77(*0.0) 9.4 (x0.3) ~1.7(x0.3)
. ) N R119W -8.9 (x0.1) -9.3(x0.4) 0.4 (x0.4)

measurements of binding enthalpies and kinetic measure-

ments of equilibrium constants were used to obtain thermgbio-5-AMP

dynamic; profiles for eaqh biqdin_g process at 20°C. They, -14.0 (+0.1) -5.8 (+0.3) -8.1 (+0.4)

energetic factors governing kinetic stabilities of the com-G115s -9.3(x0.1) -2.2(x0.1) -7.1(x0.1)

plexes were obtained from measurements of the temperatuRd 18G -10.3 (x0.1) =6.1(x0.3) -4.2(x0.3)

dependencies of dissociation of the protein-ligand comR119W ~14.4(0.1) ~7.5(20.2) —6.9(20.2)

plexes. Analysis of the kinetic data using the Eyring for-; ; ;
l ielded thermodvnamic profiles for the conversion Measurements were performed in Standard Buffer [10 mM Tris-HCI, 200
malism yie y p __ 'SIONmM KCl, 2.5 MM MgCL, pH 7.50 + 0.01 at 20.0 + 0.1°C] at 20.0 + 0.1°C.
of each ground-state complex to the transition state in théGibbs free energies for binding are from Kwon and Beckett (2000).
dissociation process. Equilibrium thermodynamic param-° Reported standard molar binding enthalpies represent the average of at
. . least three independent measurements with standard errors shown in pa-
eters for the mutants reveal that changes in the Gibbs fregiheses.

energy of binding are either enthalpically or entropically ¢ Calculated using the expressidiG® = AH° -TAS®.
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Kinetics and thermodynamics of ligand binding specificity

first injection the protein is fully saturated with ligand. was observed in measurements of the heats of binding of
Moreover, in determination of the heats of binding of bio- bio-5-AMP to wild-type BirA. While previous results in-
5'-AMP to the proteins, all measurements were performediicated aAH® of —7.3+0.2 kcal/mole, results of the more
at sufficiently low protein concentration (LM) to avoid recent measurements yielded a value of —6.3+0.1. The wild-
complication from ligand-induced dimerization of BirA (Ei- type protein with the histidine tag yielded a heat of bie-5
senstein and Beckett 1999). Results of representative ITBMP binding of —5.8+0.3 kcal/mole. The deviations of the
traces are shown in Figure 2. In the traces, the first injectiomesults obtained for the unmodified wild-type protein from
results in a large exothermic peak, while the peaks assocthose reported in the previous study cannot be attributed to
ated with the final four injections, which provide the heat of different protein preparations because the same discrepancy
dilution of the ligand, also are exothermic but smaller. Thewas found in calorimetric measurements performed on a
total molar heat of biotin binding to the wild-type protein number of preparations of wild-type BirA. Instrumentation
obtained from the measurement shown in Figure 2a, is —9.8nd the fact that all measurements were performed in-house
kcal/mole. This binding heat differs significantly from that are the major differences between the previous measure-
previously reported (Xu et al. 1996). Because all proteingments and those reported in this work. Whereas the former
used in the current study have a histidine tag fused at theneasurements were performed on the MicroCal Omega 2
C-terminus, the contribution of this modification was inves- model at the Johns Hopkins Biocalorimetry Center, the cur-
tigated by repeating the measurements with the unmodifiedent measurements were performed using the VP-ITC lo-
protein. However, results of these measurements yielded arated at the University of Maryland.

average value of the heat of biotin binding of —10.3+0.4 Figure 2b provides results of measurement of the heat of
kcal/mole compared with the previously reported value ofbiotin binding to the R118G mutant in standard conditions.
-13.0+0.2 kcal/mole (Xu et al. 1996). A similar discrepancy This trace differs significantly from that for the similar mea-
surement performed with wild-type BirA shown in Figure
2a. The differences are because of the fact that the weak
binding of biotin to the R118G mutant (Kwon and Beckett
2000) combined with the low solubility of the biotin ligand
necessitated employing injections of relatively large volume
014 to guarantee saturation of the protein with ligand in the first
injection. The molar enthalpy of binding obtained from this
measurement is —9.3 kcal/mole, a value similar in magni-
tude to the average value obtained for binding of the wild-
type, histidine-tagged protein to biotin. Results of all other
calorimetric measurements, like those shown in Figure 2,
yielded exothermic values for binding of all mutants to the

0 500 1000 1500 two ligands in Standard Buffer conditions (Table 2). How-
time (seconds) ever, in biotin binding, only the enthalpy measured for the
G115S mutant differs significantly from that measured for
the wild-type protein, while for bio-5AMP, binding of
G115S is less exothermic and R119W binding is more exo-
thermic.

-0.24

differential power (ucal/s)

-0.3

-0.1
Linkage of protonation to ligand binding

As indicated in Table 2, binding heats for the initial mea-
surements were obtained in buffer containing Tris, a reagent
characterized by a large heat of protonation. It is possible
that the apparent binding heats obtained from these mea-
o o 000 1300 surements include a contribution from protonation. In this
time (seconds) scenario, each total heat of binding reports both an intrinsic
binding enthalpy as well as a contribution from the heat of
Fig. 2. Isothermal titration calorimetry measurements of binding a&f ( proton binding to, or dissociation from, the buffering agent.
His-tagged WiId-type BirA andh) R118G variant to biotin. Measurements To determine if proton binding or release contributes sig-
were performgd in Standard Buﬁe_r at 20._010.1°C. In both m_easurementshificantly to biotin or bio-5-AMP binding to the BirA vari-
the cell contained 1.7 mL of protein solution at a concentration ML g
(3) 5-10 pL injections of a 2504M biotin solution and §) 5-50 L ants, ITC measurements also were performed in buffer pre-
injections of a 72QsM biotin solution. pared using MOPS, a reagent characterized by a very small

0.2

differential power (jcal/s)

0.3
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heat of protonation (Jelesarov and Bosshard 1994; Bakddeat capacities for binding of small ligands
and Murphy 1996; Bradshaw and Waksman 1998). Theo BirA variants

corrected heats of binding of the proteins to the two ”gand%nthalpies of binding of the mutants to biotin and bie-5
in Standard Buffer prepared with Tris and MOPS are shown .
. . - AMP were determined over the temperature range from
in Table 3. The measured (lanthalp|es.were utilized to es.t'10°C to 30°C. These temperature-dependent binding enthal-
_T;;Tethse FIJI:O;C;P é'gg:ger::;;gmcﬂ’ \:,Vgtlgﬂealcs,? srrstszgvmg]ﬁies were used to determine the molar heat capacities for the
S o . . . inding processes, the results of which are shown in Figure
binding was negligible, a result consistent with prewouslys All of the binding reactions are characterized by negative
reported results for binding of the wild-type protein to the héat capacity changes, the magnitudes of which are shown
two ligands (Xu et al. 1996). in Table 4. The values reported for the histidine-tag fusion
of the wild-type protein are similar to those previously re-
ported for the wild-type protein (Xu et al. 1996). For each
) . . ) mutant, the heat capacity change for bieAMP binding is
Molar entropies of binding of the ligands to the BIrA MU~ |5 4er than that for biotin binding. In biotin binding, the heat
tants at 20°C were calculated from the Gibbs free energieg,nacity changes associated with binding of the mutants are
and the enthalpies using the equation: smaller than that measured for the wild-type protein. The
magnitudes of the heat capacity changes are similar for
binding of all four proteins to bio-5AMP.

Thermodynamic profiles for the binding processes

AG° =AH° - TAS®

As indicated by the results presented in Table 2, energeti
penalties associated with the mutations are complex. Firs
while replacing G with S at position 115 is evidenced pri-
marily in the enthalpic cost to binding, the R to G substi- In measurements of binding of the BirA mutants to biotin
tution at position 118 and the R to W substitution at positionand bio-3-AMP, it was found that the kinetic basis of the
119 result in entropic penalties in biotin binding. The pat-

terns observed for bio*5AMP binding to the mutants are a
similar with enthalpy dominating the penalty for changing 0
the Gto S at 115 and a loss in favorable binding entropy for
replacement of R with G at position 118. The R119W mu-
tation results in small energetic changes in binding of both
ligands.

ff hermodynamic analysis of the kinetics of dissociation
of the protein-ligand complexes

AHO (kcal/mole)
‘IE .

Table 3. Dependence of the measured binding enthalpies on the

-15 T T T T

enthalpy of buffer ionizatich 10 15 20 25 10 35
Tris (10 mM) MOPS (10 mM) temperature (°C)
Variant/ligand AH°® (kcal/molf AH° (kcal/molf An°© b
biotin 5
wt -9.4 (+0.3) -5.7 (£0.4) -0.62 T oA
G115S -5.0 (+0.3) -4.4 (+0.4) -0.09 g
R118G -9.4 (x0.3) -6.4 (20.1) -0.51 = 5
R119W -9.3 (£0.4) -6.3 (x0.1) -0.35 g
o
bio-5-AMP Z 101
wt -5.8 (x0.3) -5.4 (+0.2) -0.08 <
G115S -2.2 (+0.1) -1.6 (x0.1) -0.09 o 3 M o
R118G -6.1 (x0.3) -5.5 (x0.1) -0.11 . wre (°C
R119W 7.5 (:0.2) 6.7 (20.1) ~0.14 emperature (°C)

aMeasurements were performed in Standard Buffer (10 mM Tris-HCI, 200

mM KCI, 2.5 mM MgCl, pH 7.50 + 0.01 at 20.0 + 0.1°C) or [10 mM
MOPS, 200 mM KCI, 2.5 mM MgGJ, pH 7.50 + 0.01 at 20.0 + 0.1°C] at

20.0 £ 0.1°C.

Fig. 3. Temperature dependencies of the molar enthalpies for binding of
(a) biotin and p) bio-5-AMP to (J) wild-type BirA, () G115S, ¢)

R118G, and £) R119W. Measurements were performed in Standard
Buffer prepared at the working temperature. The molar binding enthalpy at

b Reported standard molar binding enthalpies are the average of at lea8fch temperature represents the average of three independent determina-
three independent determinations with standard errors in parentheses. tions. For data points in which no error bars are apparent, the magnitude of
¢ Estimated number of protons released upon ligand binding. the error is within the symbol.
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Table 4. Summary of heat capacity changes for binding of a 22
biotin and bio-3-AMP to BirA variant§ i )
Q= -7
- =
AC,? (biotin) AC,? (bio-5'-AMP) 5 o 2ol
cal/mol/K cal/mol/K £g
oX
£T 19
wt -190 + 30 —200 + 50 G
G115S -110£20 -220+30 £ s
R118G ~80£30 —330£20 00 25 50 75 100
R119W -80+30 —250 50
time (seconds)
aMolar heats of binding were measured by isothermal titration calorimetry b

at temperatures ranging from 15 to 30°C, and molar heat capacities were
obtained from the slopes of the linear dependencies of the binding heat on
temperature (Fig. 3). Each standard molar binding enthalpy used in the
analysis represents the average of at least three independent determina-
tions.

decreased affinities of the proteins for the ligands is uni-
formly centered in the unimolecular rates of dissociation of 0 10 20 30 40 50 60 70
the protein-ligand complexes (Kwon and Beckett 2000). No time (minutes)

changes or very minor changes in the bimolecular associa-

[bio-5'-AMP] (micromolar)
N
1

tion rates for complex formation from those measured for ‘ g 265

binding of wild-type BirA to the two ligands were observed. *E"E

To further characterize the kinetic barrier to dissociation of ig z 2601

the complexes, the temperature dependencies of the unimo- gg

lecular dissociation rates were measured. The results were ’gE 2557

analyzed using the Eyring formalism to obtain activation =

enthalpies and entropies for the dissociation processes. 20T 3 5 i
Rates of dissociation of all protein-biotin complexes were time (seconds)

measured using stopped-flow fluorescence. Protein-biotin

Complexes were combined rapidly with excess bicABP Fig. 4. Kinetic m_egsuremepts of dissociation of complexes of BirA vari-
and the resultina time-dependent decrease in the imrinsignts bound to biotin and bioc“AMP. (a) Stopped-flow measurement of
9 P issociation of the R119W:-biotin complex at 25°C. A solution containing

protein fluorescence was monitored. Results of measurer ,\ r119w and 5uM biotin was rapidly mixed with 10G.M bio-5'-
ments of dissociation of biotin from the R119W mutant atAMP, and the resulting time-dependent decrease in intrinsic protein fluo-
25°C are shown in Figure 4a. Nonlinear, least-squaregescence was measuret) Measurement of dissociation of complexes of
analyss o the data Usig 3, single exponertal modeh S AT s i e B ) s ) T
yielded a rate Consta,m (_)f O'g,lS,A” traces Obtameq n portional t(?the slop?es of the best-fit lines) Stopped-flow fIEorescencep
measurements of biotin dissociation were well described byeasurement of dissociation of the R118G-biABIP complex at 25°C
a single exponential equation and the resolved unimolecula solution containing 24M R118G-BirA and 2.5uM bio-5'-AMP was
rate constants increased with increasing temperature. Repidly mixed with a 20Q:M biotin solution, and the resulting time-
sults of analysis of the data using the Eyring formalism arglependent increase in intrinsic protein fluorescence was monitored.
shown in Table 5. With the exception of the G115S mutant,
the activation enthalpies of dissociation of the complexegial burst followed by a slow linear phase the slope of which
are similar in magnitude. is proportional to the unimolecular rate constant governing
Unimolecular rates of dissociation of the protein-bie-5 dissociation of the complex. The rates obtained from these
AMP complexes were determined using two techniquesmeasurements are 0.008 and 0.005sr the wild-type and
The complexes formed with the wild-type and R119W pro-mutant proteins, respectively. The rates of dissociation of
teins and the adenylate are characterized by very slow dissomplexes formed between the R118G and G115S mutants
sociation rates (Xu and Beckett 1994; Kwon and Becketiand bio-3-AMP are sufficiently rapid to require measure-
2000), which necessitated measuring the time course of ement using rapid mixing techniques. These measurements
zyme-catalyzed synthesis of the adenylate to determine th@ere performed by rapidly mixing each complex in a 1:1
kinetics of dissociation (Xu and Beckett 1994). Results ofvol/vol ratio with a solution containing a large molar excess
measurement of dissociation of complexes formed betweeaf biotin and monitoring the resulting time-dependent in-
the wild type and R119W-mutant with bid-BMP ob-  crease in the intrinsic protein fluorescence. Results of mea-
tained at 25°C using this technique are shown in Figure 4bsurements of dissociation of the R118G-biedP com-
The time course is characterized by a rapid initial exponenplex at 25°C are shown in Figure 4c. As with biotin disso-
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Table 5. Summary of activation parameters for dissociation of in the enthalpic barrier to dissociation. In addition, the en-
protein ligand complexés tropic barrier to dissociation of the G115S-bicAMP
complex is considerably higher than that obtained for the

Variant/ AGt AH$P -TASt . .
ligand k(s (kcallmole) (kcallmole) (kcal/mole) ~ Wild-type protein.
biotin

Discussion
wt 0.33+0.01 17.7+04 229+08 -5105
G115S 80 + 20 14.5+0.4 16+2 242
R118G 29+5 153+03 244+06 -91+06 Structural perturbations of the complexes
R119W 0.49 £0.04 17.7+01 241+08 -6.4x04 formed by mutants are minimal
bio-5'-AMP Elucidation of the molecular details of kinetic and thermo-
wt 0.00027 + 00003  22.0+0.1 20+ 4 4+1 dynamic control of ligand-binding specificity entails mea-
G115S 0.84+0.03 16.9+0.6 7+1 10+1  surements of the functional consequences of changing the
R118G 0.142 +0.006 18.4+0.1 16+3 2+x3  identity of a large number of amino-acid residues in a bind-
R11OW  0.00009+0.00001 223£01 202  -03%1 jug protein. Ideally, the changes in the amino acids are

— . : , conservative. The three mutations in BirA examined in this
@ Activation energies and entropies are given at 20°C. K . h initiall b
P For the Eyring analysis, measurements were performed in Standar}ﬁ\l(.)r are not consgrvatlve. T .ese mUtantS |n|t|a_ y Were_o -
Buffer (10 mM Tris-HCI, 200 mM KCl, 2.5 mM MgGJ, pH 7.50 £ 0.01  tained from genetic screens in which changes in the biotin
at the working temperature) at temperatures ranging from 10 to 35°C. Datggncentration dependence of bacterial growth was used as
were obtained at 5° intervals. S . . .
an indication of a defect in the enzymatic function of the
biotin holoenzyme ligase (Barker and Campbell 1981a,b),
nd they were subsequently shown to bind with altered af-
inity to both biotin and bio-5AMP (Kwon and Beckett
2000). Moreover, as discussed below, results of a number of
measurements suggest that the structures of the complexes
of these mutants with the ligands are similar to those formed
by the wild-type protein. The changes in the energetics of

ciation, all stopped-flow traces could be analyzed using
single exponential equation to obtain the unimolecular rat
constants for bio-5AMP dissociation. The resolved rate
obtained from analysis of the data in Figure 4c is 0.294 s
Kinetic measurements of bio-AMP dissociation were

performed for all four proteins, wild type and 3 mutants, ~7 . -
over a temperature range from 10°C to 35°C. Activationb'onn and bio-3-AMP binding measured for these mutants

parameters obtained from analysis of the data using th@re substantial and the kinetic basis for the lowered affini-

Eyring formalism are shown in Table 5. The values of theEI'_iS reildes bprlmart|_ly n d|sdsoc!{z;]1t|on (:f tthe ;omtplexes.
activation enthalpies determined for dissociation of thed_de?e \?’O? fﬁwz_'ons tr_en efr the mu_la_lg s d trr?c |vedcan-
G115S and R118G complexes differ significantly from that dates for further dissection of the equilibrium thermody-

determined for dissociation of the complex formed betweer{'aMICS and k|net|c barrlgr to dissociation. . . .
wild-type BirA and bio-5-AMP. In interpreting the detailed thermodynamics of interaction

of single-site mutants of a protein with ligands, it is impor-
tant to verify that the structures of the bound and free states
Thermodynamic profiles for dissociation of the protein are not significantly perturbed as a conse-
of the protein-ligand complexes guence of the mutations. The mutants examined in this work
are located in a region of the BirA structure that is disor-
Using the rate constants measured at 20°C and the activdered in the unliganded state (Wilson et al. 1992). There-
tion enthalpies determined from the Eyring analyses as ddere, structural perturbations to the unliganded state of the
scribed above, the thermodynamic profiles for dissociatiomprotein resulting from the mutations should be minor. Func-
of the two ligands from the four proteins were calculated attional studies of the protein-ligand complexes also are con-
20°C (Table 5). Similar profiles were obtained for wild-type sistent with minor or no differences of the structures of
BirA and the R119W mutant. The perturbation in the ther-these complexes from that of the wild-type protein. First,
modynamic profile for dissociation of biotin from G115S is complexes of the mutants bound to bie/&AMP are capable
evidenced primarily in the decrease in the enthalpic barrieof catalyzing transfer of biotin to the biotin acceptor protein
to dissociation. By contrast, dissociation of biotin from (BCCP) (Kwon et al. 2000; Weaver et al. 2001b) and bind-
R118G is characterized by a more favorable activation ening to bioO. In fact, the G115S mutant, which exhibits the
tropy. For all proteins, both the enthalpic and entropic termdowest affinity for biotin and bio-5AMP, binds to bioO
are barriers to dissociation of bid-BMP. While the mag-  with affinity similar to that of the wild-type repressor
nitudes of both terms are similar for wild-type BirA and (Kwon et al. 2000). Second, all protein-biotin complexes
R119W, the increased rates of dissociation of the complexesre competent for binding of ATP and subsequent synthesis
formed by the G115S and R118G mutants reflect decreases bio-5'-AMP. The magnitudes of perturbations in thg K
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for ATP are less than twofold of and.k values are all mole. Similarly, theAAH® for bio-5'-AMP binding is 3.6
within fivefold of that measured for the wild-type protein kcal/mole, while theAAG® is 4.7 kcal/mole. Biotin binding
(Kwon and Beckett 2000). by the mutant is entropically more favorable by —1.0 kcal/

The results of thermodynamic measurements presented imole, and adenylate binding is less favorable by 1.0 kcal/
this work also are consistent with the absence of majomole. For the R118G mutant, it is the entropic term that is
perturbations in the structures of the complexes of the mumost significantly altered in the equilibrium-binding pro-
tants bound to the two ligands. First, the magnitudes of theess. At 20°C, thdAG® for biotin binding is 2.2 kcal/mole
heat capacity changes associated with the binding, while n@nd the entropic penalty is 2.2 kcal/mole. In bicZAVIP
identical, are similar for all proteins. Assuming that heatbinding AAG® is 3.7 kcal/mole and the entropic penalty is
capacity changes reflect burial of polar and nonpolar surfacd.0 kcal/mole. For both mutants, the magnitude of the en-
area as well as folding in this system, the similar magnitudegrgetic penalty is significantly greater for bi6-BMP bind-
of AC, suggest similar structures of the complexes. Finally,ing than it is for biotin binding. For the R119W mutant,
the lack of change in the contribution of protonation tothere is a small entropic penalty associated with biotin bind-
either binding event observed for the mutants is consistering of (1.0 kcal/mole. The affinity of the R119W mutant
with the idea that the structural consequences of the aminder bio-5'-AMP is actually slightly greater than that mea-
acid replacements are local in nature. sured for the wild-type protein and the mutant interaction is
characterized by both a more favorable enthalpy and a less
favorable entropy.

Consideration of the structures of the unliganded and li-
ganded forms of BirA provides insight into the observed
The equilibrium binding parameters were combined withchanges in the energetics of biotin binding. In analyzing the
the activation parameters obtained from the kinetic meastructural basis of the thermodynamic results, it is assumed
surements to compose profiles for ligand dissociation fronthat only the loop containing the “glycine-rich” sequence
the proteins (Fig. 5a,b). In these profiles, the reference statbecomes ordered upon binding of the ligand to the protein
which corresponds to the free protein and ligand, in energymnonomer. The other two loops that are observed at the
enthalpy and entropy is assumed to be at zero energy for allimer interface in the complex are assumed to become or-
protein-ligand pairs. The free energy profile for each pro-dered only upon the ligand-induced dimerization (Weaver et
tein:ligand pair is shown in black. In addition, the enthalpical. 2001). Justification for this assumption arises from the
and entropic changes associated with the equilibrium-bindebservation that mutations in these other two loops do not
ing process, as well as the conversion of the ground-stataffect small-ligand binding (Kwon et al. 2000 and unpubl.).
complex (PL) to the transition state in dissociation (Bl.  Inspection of the structure of the complex suggests an ex-
are shown. The transition-state energetics in dissociatioplanation for the observed enthalpic penalty for ligand bind-
shown in each panel were calculated by adding the activaing associated with the G115S mutant (Fig. 1). In the com-
tion parameters obtained from the Eyring analysis of kinetiglex, the glycine residue is in close proximity to the biotin-
data AG*, AH*, and —-TAS"; Table 5) to the ground-state ring system and replacement of the residue with a serine
energetic parameteraG°, AH®, and —TAS®; Table 2). In  may introduce steric bulk at the interface between the ligand
each panel, the results obtained with the mutant protein arend the loop that translates into a large decrease in the
shown with those obtained from measurements obtained faenthalpic term for binding. The observation of a large en-
wild-type BirA. thalpic penalty for bio-5AMP binding suggests that these
same steric factors function in binding of the mutant to this
ligand. However, the source of the larger magnitude for
both theAAG® andAAH? terms is not readily apparent. The
side chain of R118 does not directly contact the biotin moi-
The thermodynamic profiles for binding of biotin and bio- ety in the complex (Fig. 1b.). Rather, this residue forms a
5’-AMP to the mutant and wild-type proteins are shown insalt bridge with a second residue, D176, which appears to
Figure 5. In these reaction-coordinate diagrams, the frestabilize the ordered conformation of the “glycine-rich”
state (P + L) is assumed to be characterized by an energy tfop. The origin of the entropic penalties for equilibrium
zero for all ligand/protein pairs. Inspection of the ground-binding of the R118G mutant to the two ligands may reflect
state energetics for the ligand-binding reactions reveals thdhe greater configurational entropy available to the glycine
patterns of energetic penalties resulting from the mutationsesidue (Fig. 5a). The entropic cost of ordering the loop is
are conserved for binding of the two ligands. For examplehigher for the sequence containing the glycine replacement.
in binding of the two ligands to the G115S mutant, the The structural basis for the entropic penalty associated with
energetic penalty is primarily enthalpic. TAAH® for bio-  biotin binding to the R119W mutant is not apparent from
tin binding is 4.4 kcal/mole, while thAAG® is 3.1 kcal/  the structural model shown in Figure 1. The side chain of

Energetic profiles for ligand dissociation
from the mutant proteins

Structural interpretation of the perturbations
to the equilibrium thermodynamic parameters
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Fig. 5. Energetic profiles for &) biotin and ) bio-5'-AMP binding to wild-type BirA and the three mutants G115S, R118G, and
R119W. In each panel, the energy of the reference state corresponding to the free protein and ligand is set at zero. The Gibbs free energy
changes are shown in black, enthalpic changes are in red, and entropic changes are shown in cyan. In each panel, the results obtained
with the indicated mutant (solid lines) are shown with the results of measurements performed on the complex of the wild-type protein
with the ligand (dashed lines). P+L, free protein and ligand (the reference state); PL, protein:ligand comptex;aRkition state.
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this residue projects into solution from the tip of the gly- tant, both the enthalpic and entropic barriers to adenylate
cine-rich loop and it is not clear why changing it to a tryp- release are decreased.
tophan would result in an entropic penalty to biotin binding. The thermodynamic features of biotin dissociation from
The heat capacity changes associated with binding of thesild-type and mutant BirA proteins and the known struc-
two ligands to the wild-type and mutant proteins were de-ures of apoBirA and the biotin complex can be used to infer
termined (Fig. 3; Table 5). In biotin binding, all of the structural changes that accompany conversion of the
mutants display significantly smaller heat-capacity changesground-state complex to the transition state in biotin disso-
Assuming that the heat-capacity change reflects burial o€iation. In this discussion, an implicit assumption is that
polar or nonpolar surface area, this result suggests that theselvation contributions are equivalent in dissociation of bio-
may be small but significant changes in the structures of théin from all BirA variants. When comparing the structures of
complexes of mutant proteins bound to biotin. However, asapoBirA with that of the biotin-bound protein, differences
discussed above, the functional consequence of theswe localized to three surface loops that undergo disorder-
changes are minor. By contrast, only the R118G mutanto-order transitions (Wilson et al. 1992; Weaver et al. 2001).
exhibits a significantly different molar heat-capacity changeHowever, as indicated in the Introduction, several lines of
in bio-5-AMP binding. The heat-capacity change associ-evidence support the idea that in the monomeric state of the
ated with this binding process idl.5 times greater in mag- biotin complex, only the glycine-rich loop composed of
nitude than that measured for the wild-type protein. How-residues 112-128 is ordered.
ever, in the absence of a structure of the BirA:adenylate Dissociation of the wild-type BirA-biotin complex is
complex, it is difficult to speculate on the structural origins characterized by a large enthalpic barrier that undoubtedly
of this difference in binding thermodynamics. reflects the partial disruption of noncovalent bonds in pro-
gression from the complex to the transition state in disso-
ciation. By contrast, the entropic term in progression to the
transition state (~AS"™) in dissociation is negative or fa-
The patterns of perturbation of the transition-state barrier tovorable. This favorable entropy may reflect partial disor-
dissociation of both biotin and bio“BAMP observed for the dering of the glycine loop as the reaction proceeds to the
mutants are more complex than those measured for thigansition state. Thus, at the transition state in biotin disso-
ground-state energetic parameters governing ligand bincsiation, not only are noncovalent bonds disrupted but the
ing. Reaction-coordinate diagrams for ligand release arglycine loop regains some of the disorder associated with it
shown in Figure 5. As pointed out above, the transition-statén the free or “open” state. Results obtained with the G115S
energetics were calculated by adding the activation paranand R118G mutants are consistent with this hypothesis. The
eters to the ground-state equilibrium parameters. In discusenthalpic barrier to biotin dissociation from the G115S mu-
sion of the energetic barrier to ligand dissociation, not onlytant is significantly lower than that determined for the wild-
the transition-state free energy but also the enthalpic antype protein, a result consistent with the less favorable en-
entropic components to the kinetic barrier must be considthalpy of the equilibrium-binding process. The steric inter-
ered. The increased rate of biotin release from the G115%&rence introduced by the serine residue compromises the fit
mutant translates intdla 3.2-kcal decrease in the energetic between the ligand and protein in the complex. As fewer
gap between the complex (PL) and the transition statéonds have to be broken/distorted in progressing to the tran-
(PL™) in dissociation relative to that measured for the wild- sition state, the enthalpic barrier to dissociation is de-
type BirA:biotin complex. Analysis of the temperature-de- creased. The less favorable entropic term in biotin dissocia-
pendence of the rate of biotin release reveals that this petion from the G115S mutant is consistent with the notion
turbation to barrier height reflects a significant 6.8 kcal/that in the transition state, the loop containing one less
mole decrease in the enthalpic barrier to dissociatiorglycine residue is less disordered than the same loop in the
accompanied by a 3.0 kcal/mole increase in the entropglissociation of biotin from wild-type BirA. By contrast, in
change. For the R118G mutant, the drop in the energetithe R118G mutant for which the progression to the transi-
barrier to biotin release is evidenced primarily in a de-tion state is entropically more favorable than for wild-type
creased transition-state entropy &3'°). Indeed, for this  BirA, the additional glycine residue allows the loop of the
mutant, the activation enthalpy is slightly larger than thatmutant to acquire greater disorder in the transition state than
measured for biotin dissociation from wild-type BirA. Per- it does in the wild-type protein.
turbations to the thermodynamic contributions to the tran- At this time, structural interpretation of perturbations in
sition-state barrier in bio-5AMP dissociation from the pro- the energetics of bio‘5AMP binding are not possible be-
tein are also complex. While the enthalpic barrier to disso-cause no structure of this complex is yet available. How-
ciation is substantially decreased by 13 kcal/mole for thesver, two pieces of evidence suggest that considerable non-
G115S mutant, the entropic barrier is increased by 6 kcaladditivity exists in this system. First, for the G115S and
mole. In dissociation of the adenylate from the R118G mu-R118G mutants the energetic consequences of mutation for

Perturbation of the kinetic barriers to ligand dissociation
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bio-5-AMP binding are much greater than those for biotin  Comparison of the kinetic profiles associated with release
binding. Second, the complexity of the patterns and magef biotin from BirA and streptavidin reveals similarities.
nitudes of the energetic effects of all three mutations on th®issociation of biotin from each of these proteins is char-
transition-state parameters governing bieAB/P binding  acterized by a large activation enthalpy and a favorable
are consistent with cooperativity between the portions of thectivation entropy. In both cases, the favorable entropy of
protein that interact with the adenylate and biotin moietiesconversion to the transition state in dissociation may reflect
of bio-5-AMP. partial regaining of configurational entropy by the flexible
loop, side chains of the loop, and/or the biotin ligand.

Relationship to biotin binding by streptavidin

Avidin and streptavidin are classical, high-affinity, biotin- IMPlications for understanding ligand
binding proteins. The latter protein is a tetramer that bindinding specificity

four biotin molecules noncooperatively with an equilibrium
dissociation constant ofl0"**M. Like BirA, the ligand-
binding site of each streptavidin monomer possesses a lo
that undergoes a disorder-to-order transition in the course q
biotin binding. The streptavidin:biotin binding reaction has
been the subject of extensive thermodynamic, kinetic, an
structural analyses, some of which are specifically directe
toward understanding the function of the loop in the binding
reaction (Freitag et al. 1997, 1999; Chu et al. 1998; Stayto
et al. 1999). Specifically, the consequences of deletion o
the streptavidin loop for biotin binding have been investi-
gated. Unlike the extensive nine-residue segment of th
112-128 loop of BirA including amino acids 116-124,
binding of biotin to streptavidin results in ordering of only
a four-residue segment of each monomer. Nevertheless, d

The biotin repressor is an example of a number of proteins
that undergo disorder-to-order transitions in the course of
and binding. Measurement of the consequences of struc-
ral perturbation in the glycine-rich loop of BirA for both
quilibrium thermodynamic and kinetic features of the bind-
jvg reaction has allowed development of a model for struc-
ural changes that accompany the progression of the ground-
state complex to the transition state in dissociation. Protein-
gand interactions that are characterized by very favorable
quilibrium binding energetics typically are characterized
also by unusually high kinetic stabilities of the complexes to
Gissociation. Furthermore, structural perturbations to either
the protein or ligand component of a complex result in
changes in equilibrium-binding constant that frequently re-
flect only changes in unimolecular dissociation rate of the

- . - . 7 .
!etlﬂn of thlt'abs.treptda}VIdln'lc;pp resulf[s Irt] a mJld.lnctrﬁasbe. d complex. Therefore, elucidation of the structural and ener-
In the equitibrium dissociation constant governing the bin “getic features of the dissociation process is essential to un-
ing reaction, and the destabilization of the interaction re-

flects a large enthalpic penalty to binding. Comparison Ofderstandmg specificity. Results provided in this work sug-

the struct  biofi | £ wild-t treptavidi gest that in ligand-binding processes that are coupled to
€ structures ot biotin complexes of wild-type Streptavidin yiq o qer_to-order transitions, both the degree of comple-
with the deletion mutant yields no information about the

i . . o mentarity between the protein and ligand in the complex
origin of this large enthalpic penalty, as the binding contacts y P 9 b

) i . . and the relative disorder acquired in the transition state in
n thellopp deletion mutant are Intact. By contrast, in thejissociation may be utilized in tailoring ligand-binding af-
BirA:biotin complex, several of the side chain or backbonef.nity

groups of residues in the 116124 region that undergo the "
disorder-to-order transition form noncovalent bonds with
biotin molecule in the complex. For example, W123, a resi-\aterials and methods

due that is conserved in all biotin-holoenzyme ligases,

pacl§s ggainst the hydrocarbpn chain of the valerate mOiet&hemicals and biochemical

of biotin. The backbone amides of G115 and R118 form

hydrogen bonds with the ureido and valerate moieties, reAll chemicals used in preparation of buffers were at least reagent
spectively, of the vitamin. Structural alterations in the BirA or analytical grade. The d-biotin was purchased from Sigma. Bio-
loop thus are anticipated to result in the enthalpic penaltie§ “AMP was synthesized and purified using a modification of the
to biotin binding observed in the G115S mutant. Binding Ofgg%%e)dure described in Lane et al. 1964 (Abbott and Beckett
biotin to streptavidin is characterized by an unfavorable '

entropy, which has been proposed to reflect, in part, the

penalty associated with the disorder-to-order transition oProtein preparation

the flexible loop. In the case of the biotin holoenzyme li-

; ; Bl s ding i . Histidine-tagged wild-type and mutant BirA proteins were pre-
gase, the entropic term in equilibrium binding is negligible. ared as described in Kwon and Beckett (2000). Protein concen-

Thus, Wh'_le there may t?e_ an entropic penalty associate ations were determined experimentally by ultraviolet absorption
with ordering of the loop, it is compensated for by favorableysing extinction coefficients calculated from the amino-acid com-
contributions including solvent release. position (Gill and von Hippel 1989).
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Isothermal titration calorimetry method for monitoring the time course of BirA-catalyzed synthesis

) ) ) of bio-5'-AMP (Xu and Beckett 1994). Synthesis of bi6-AMP
A MicroCal VP-ITC was used for the calorimetric measurements,yas quantitated by monitoring the incorporation P from

to determine the total heat of binding of ligands to BirA variants. [-32P]ATP into bio-8-AMP at reaction conditions of M en-

AII protein samples used for measurements were dialyzed exhau§yme' 500uM ATP, 100 M biotin, and 2 units/mL inorganic
tively against buffer (Standard Buffer: 10 mM Tris-HCI, 200 mM pyrophosphatase in Standard Buffer. Approximately 5,000,000
KCl, 2.5 mM MgCl, pH 7.5) the pH of which was adjusted at the chm of [¢-32P]JATP were used for each reaction. The pyrophos-
experimental temperature. In each calorimetric measurement, 14hatase was used to drive the reaction equilibrium toward comple-
mL of a 1M protein sample were loaded in the reaction cell andijon, Reactions were initiated by addition of biotin to the preequil-
the ligand, biotin, or bio-5AMP, was prepared as the titrantin the jprated reaction mixture containing all other reaction components.
injection syringe. The concentrated bi6AMP or biotin was di-  Time points were obtained by the quenching of.B aliquots of
luted into the buffer used for protein dialysis. To improve baselineihe reaction mixture into 1L of 4 mM unlabeled, chemically
stability, all samples were degassed before use by stirring Undesrynthesized bio“5AMP. A 1-pL aliquot of each quenched reac-
vacuum at a temperatuféd°C below the experimental tempera- tjon solution was spotted on a cellulose TLC plate (Sigma-Al-
ture. A stoichiometric excess of ligand over protein was added iNrich), and the32P-bio-3-AMP and a-32P-ATP were resolved
the first injection to saturate the protein. Four additional injectionsusing a mobile phase containirtgrt-amy! alcohol/formic acid/
were_used to de_termine the heat ofdilutio_n. Contributions of Pro-H,0 (3/2/1 viviv). The TLC plate was exposed to a phosphor
tonation to binding at pH 7.5 were determined by measurement 0§creen for at least 4 h, and quantitation was accomplished using the
the mqlar heat of binding in Standard Buffer prepared using 10glecular Dynamics phosphor-imaging system (Storm and Image
mM Tris-HCl or 10 mM MOPS (3-(N-morpholino)propane sulfo- quant v 3.3). Radioactivity present in the spots corresponding to
nate) as buffering agents. The large difference in ionization enaTp and bio-5-AMP was quantitated at each time point, and the
thalpies of the two buffers allows facile determination of the con-pig-5'_AMP concentration was calculated by multiplying the ini-
tributions of protonation to the ligand-binding reactions (Jelesaroyjg) ATP concentration by the result of division of the optical

and Bosshard 1994; Baker and Murphy 1996; Bradshaw an@jensity of the bio-5AMP spot by the sum of the densities of the
Waksman 1998). two spots.

Data analysis .
Data analysis

Origin version 5.0 software (MicroCal) was used for integration of

peak areas, and corrected heat changes were calculated by suldt primary data from stopped-flow fluorescence measurements
traction of the average heat of dilution from the integrated area ofvere analyzed using the software provided with the instrument.
the first injection. At least three measurements were performed fofime courses for dissociation were well described by a single
each set of conditions, and average molar binding enthalpies wemxponential equation in all cases. At least 10 measurements of each
calculated from the multiple determinations. The heat capacitydissociation rate were used to obtain an average dissociation rate.
changes for the binding processes were determined by global lifFime courses of BirA-catalyzed synthesis were analyzed using the
ear least-square analysis of the binding enthalpy versus temperésllowing equation:

ture data using Microsoft Excel. At least three independent mea-

surements of the binding enthalpy determined at each temperature [bio - 5" = AMP], = n[BirA]y + N[BirA] Ko t

were used in the analysis of the data to obtain the heat capacity

changes associated with the binding processes. where [bio-3-AMP], is the concentration of the adenylate at time

t, n is the stoichiometry of the burst complex, [BigA§ the total

Kinetic measurements BirA monomer concentration, and,k is the unimolecular rate
constant governing dissociation of the enzyme-adenylate complex.
Stopped-flow fluorescence measurements Linear regression of the adenylate concentration versus time data

yielded the slope, n[BirAK.«, Which is proportional to the rate
Stopped-flow fluorescence measurements were performed usinggonstant governing dissociation of the complex. Analysis of the
KinTek SF2001 instrument. The excitation wavelength was set atate data to obtain the activation parameters for the dissociation
295 nm for all measurement, and fluorescence emission was monprocess was performed using the following form of the Eyring
tored above 340 nm using a cutoff filter (Corion Corporation). relationship:

Preformed protein-ligand complexes in Standard Buffer [10 mM

Tris-HCI, pH 7.50 + 0.01 at 20.0+0.1°C, 200 mM KCI, 7.5 mM K AHE/1\  ASH ke
MgCl,] prepared at the appropriate temperature were rapidly In<ﬂ> = <—> +—+In<—>
mixed in a 1:1 (vol:vol) ratio with solution containing a large T RAT R h
molar excess of competing ligand, biotin, or bieAMP. The
resulting time-dependent increase or decrease in fluorescence wedere k is the unimolecular dissociation rate constant, T is the
monitored. Concentrations of competing ligands were sufficientlytemperature in KelvinAH* is the activation enthalpyAS* is the
high so that the rate-limiting step was the release of ligand fromactivation entropy, R is the gas constant, s the Boltzmann
the protein-ligand complexes. constant, and h is Planck’s constant. All linear regression was
performed using Microsoft Excel. Entropic contributions to the
activation energy (-AS") also were calculated from the activa-
tion-free energies and enthalpies at 20°C using the following re-

The time course of BirA-catalyzed synthesis

of bio-5-AMP lationship:
The dissociation of bio-5AMP from wild-type BirA or the
R119W variant was measured in Standard Buffer at 20°C using a AG* = AH¥ - TAS*
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