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ABSTRACT: BLIP is a secreted protein frorBtreptomyces clalligerus that inhibits a wide range of
pB-lactamases. Here we investigate the tight interaction of BLIP, expressed heterologouBelgoii

with TEM-1. Kinetic and thermodynamic constants were determined using methods with the proteins
either in a homogeneous or in a heterogeneous phase. While val®esGf.u—wy are similar whether
measured by fluorescence quench, enzyme inhibition, or surface plasmon resonance, absolute values of
AG and kinetic constants vary. Association and dissociation rate constant8 Bf2& ! and 104 s,
respectively, and a nanomolar affinity were determined for the wild-type proteins. The highest affinity is
measured at pH 7.5, with a decreasing association rate constant at higher pH values, and an increasing
dissociation rate constant at lower pH values. The marginal effect of salt on the kinetics of binding, as
well as the calculated surface potentials, suggests a limited role for electrostatic forces in guiding this
reaction. Still, mutations of interfacial residues affect the rate of association significantly, so that an increase
in the net negative charge on either protein reduces the association rate constant. We show that simple
electrostatic rules can explain this behavior. BLIP inhibits the catalytic activity of TEM-1 by binding its
active site. Yet, mutations of active site residues on TEM-1 only have a moderate though cooperative
effect on the binding energy. This can be explained in light of the peripheral location of the active site in
the interface between the two proteins.

Increasing numbers of high-resolution crystallographic involved in the interaction of the antibody (D1.3) and its
studies of proteirrprotein interfaces have emerged in the antigen (HEL) and with its anti-antibody (E5.2J)(
past decade. However, structural analysis alone cannot predict Recently, a high-resolution X-ray crystallographic structure
which interactions are energetically important for tight of the complex between thg-lactamase TEM-1Land its
binding nor the mechanism by which protein docking occurs. novel protein inhibitor BLIP has been solve8).( This
Structural parameters such as buried surface area, the numberomplex was shown to be very stable, with an affinity of
of van der Waals contacts made by each side chain,0.6 nM (6). Moreover, the crystal structures of the individual
crystallographic temperature factors, or solvation parametersproteins are also availablé,( 7). Therefore, this system
do not always correlate well with the energetic importance provides an excellent model for studying different aspects
of individual residues. Furthermore, the relative contribution of protein—protein interactions. A careful analysis of the
of hydrophobicity, surface complementarity, and hydrogen interface of the TEM-BLIP complex shows that there are
bonding to the energetics of binding and the role of bound 49 residues which make direct contacts in the complex. Most
water molecules in complex stabilization are not clear. of these interactions can be divided into two main regions:
Therefore, structural data combined with comprehensive a concave ‘saddle-like’ surface of the inhibitor lined by polar,
studies of the energetic contribution of each contact atom uncharged residues which interacts with a negatively charged
are fundamental for the understanding of the chemical basisprotruding loop and short helix (GIn 9His 112) of TEM-
of macromolecular recognition. Such an approach has beenl; and twog-hairpin turns on BLIP, one of which inserts
addressed in the well studied interaction of human growth into the positively charged active site of the enzyme. The
hormone with its receptor, where productive binding was interactions formed by the two loops of the inhibitor mimic
shown to be mediated by a small subset of interfacial residuesinteractions observed with the antibiotic substrate. Asp 49,
(“Hot Spot”) (1, 2. It was also applied in the energetic ©On one of these loops, is a key residue forming four hydrogen
analysis of the barnaséarstar interfaced) and in the bonds to four conserved residues important in catalysis and
comparison between the energetically important residues
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substrate binding: Ser 130, Lys 234, Ser 235, and Arg 244 phase detection, as system-based errors cancel out. We have
[ABL numbering @)]. The position of BLIP-Asp 49 mimics  therefore exploited this technique using a BIAcore instrument
that of the PenG carboxylate in the acyl-enzyme intermediate,for the determination 0AAGmu-wy) and the relative effect
where a strong hydrogen bond is formed between the mutations have on the kinetic constants of the TEHBLIP
substrate carboxylate and the side chain residues of Arg 244complex.

and Ser 2357). Here, we establish working conditions and analytical tools

Here, we evaluate the kinetics and affinities of binding at to monitor the interaction between TEM-1 and BLIP. We
various solution conditions of wild-type TEM-1 and BLIP  ytilize the available structural data combined with protein
and of alanine substitutions of selected contact residues. Weengineering to understand the contribution of particular
focused our analysis on the multiple interactions between residues to the affinity and kinetics of complex formation.
BLIP—Asp 49 and the four TEM-1 residues lining its active To ensure the validity of the data obtained on the BlAcore,
site. The interest in this particular site, arises from the analogy affinities and kinetic parameters were measured using
between the TEM-BLIP-hairpin interactions and those fluorescence quench titration, stopped-flow fluorescence
between TEM-1 and its substrates and its “mechanism-based"(both utilizing tryptophan fluorescence quench), an enzyme
inhibitors @, 10. Moreover, this well confined site is located inhibition assay (detected by a chromogenic substrate),
at the edge of the TEM-BLIP interface and therefore, can methods that are based on interactions in a homogeneous
be treated as a separate binding unit where mutations argphase. We demonstrate that although the values obtained
not expected to cause changes in the major part of the bindingfrom the SPR analysis are often apparent, the differences in
site. Each of the interacting residues was mutated in turn tothe free energy of interactiodAGmuewy, calculated from
alanine, and the effect of the mutation on the affinity and the SPR measured data, are the same as those measured by
on the binding kinetics was determined. Alanine mutations homogeneous phase detection. We show that in the specific
were chosen because alanine eliminates the side chairsite analyzed here, individual residues have a moderate
without altering the main-chain conformation and does not though cooperative contribution to the binding energy of the
impose extreme steric or electrostatic effects. A better complex. On the other hand, their effect on the kinetics of
understanding of the energetic contribution of individual association and dissociation is pronounced, especially so for
contacts in this region to the affinity of TEM-1 and BLIP, the charged residue. Simple electrostatic rules are used to
may help in the design of novel inhibitors and will hopefully  explain some of this behavior.
shed some light on the mechanism of protein recognition.

A prerequisite to this analysis is the determination of a MATERIALS AND METHODS
precise and fast method for screening affinity and kinetic _ ) )
rate constants. A dissociation constant of a protein complex  Cloning of the blip GeneSpores ofS. clauligeruswere

(Kq) can be obtained either by monitoring the concentration the gift of Y. Aharonowitz from Tel-Aviv University.
of complex upon titration of one component with a known Genomic DNA fromS. clawuligeruswas isolated according

concentration of the other or by calculating from kinetic data {0 Procedure 4 inX9). The DNA was used as a template for

according tokg = ky/ks, Wherek, andkg are the association e PCR amplification of thélip gene (498 bp). Primers
and dissociation rate constants, respectively. The analysiscontaining 23 nucleotides were synthesized according to the
of the interaction between the proteins can be followed either €0ding region of theédlip gene sequence and its complemen-

in a homogeneous or in a heterogeneous phase. The formef@" strand 20) with flankingNde (5') andBanHI (3') sites,
requires specific properties of the interacting proteins such f¢SPectively. This fragment was ligated into a pET-9a vector

as enzymatic activity, change in fluorescence upon inter- (Promega) \{vhich was chqsen because it confers a resistance
action, or different sizes of the interacting molecules. {0 kanamycin. The plasmids were then transformed Eto
Alternatively, one of the interacting proteins can be labeled. ¢0li TG1 cells. An efficient transformation was achieved by
Due to the limitations in the detection of these properties, Proper aeration and rotation { h, 37°C) at the recuperation
one is frequently limited by a small range of accessible St€P- The sequence blip was confirmed by direct sequenc-

affinity constants. Label-free solid-phase detection, such as'"9:

surface plasmon resonance (SPR), is much more attractive Cloning of the TEM-1 Genelhe bla gene (861 bp) was
for extensive analysis of thermodynamic and kinetic con- amplified by PCR from the plasmid pUC18. Primers
stants {1, 12. This method monitors the binding of protein ~ containing 23 nucleotides were constructed according to the
in solution to an immobilized partner. It provides direct coding region of thédla gene and its complementary strand
access to both association and dissociation rate constants andith flanking Xba (5') andBanHl (3') sites, respectively.
low sample consumption, and due to its high sensitivity it The amplified fragment was treated as described fobtipe
covers a broad range of measurable affinity constants.gene. The pET-9a vector was used here due to the loss of
Nevertheless, there is increasing evidence that there may b&@mpicillin resistance of some of the TEM-1 mutants.

large deviations in the affinities determined from standard  Construction of a New Shortened pET-9a Vector for
binding kinetic measurements using SPR. Some of theseMutagenesis by PCRite-directed mutagenesis of BLIP and
problems have been associated to mass transport limitationsTEM-1 was performed by reverse-PCRL). In this method,
(13), the accessibility of binding sites on the immobilized the entire plasmid is amplified starting from the point of
ligand, heterogeneity of the surface or conformational mutation. To increase the efficiency of the amplification
changes induced due to the immobilization process, inter- using a high fidelity enzyme (PWO, Boehringer Mannheim),
actions within the dextran matrix, and rebinding of protein we constructed a new plasmid by shortening pET-9a by PCR
during the dissociation phas&4—18). On the other hand, (using pET-9a with either the insertdala or the blip
relative parameters can be obtained quite precisely by solid-gene as the template). Two 20-mer primers were con-
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structed: one from the coding strand starting fr@&glll
(positions 646-627 of pET-9a) and the other from the
complementary strand starting froifllll (positions 2752~
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culture was grown fo6 h on arotary shaker at 37C in
2xTY medium containing 3@g/mL kanamycin. This culture
was used to inoculate 750 mL okdY medium containing

2771 of pET-9a). The fragments were purified, phosphory- either 50Qug/mL ampicillin (for expression of the wild-type
lated, and ligated at room temperature for 1 h. The new protein) or 30ug/mL kanamycin (for expression of its
plasmid which contains the entire control region and the mutants). AtAseo = 0.6, 0.1 mM IPTG was added and the
inserted gene (of eithdsla or blip) was transformed into  culture was left overnight. The inclusion bodies (isolated as
TG1 cells. Protein expression was not impaired by shorteningdescribed for the expression of BLIP) were washed (25 mM
the vector. The new vectors (3096 bp for TEM-1 and 2733 Tris, pH 8.4) and dissolved by stirring 8 M urea (20 mL,
bp for BLIP) were used as templates for all the mutagenesis4 °C for 1 h). The denatured protein was refolded by
reactions. dropwise dilution (1&) into 50 mM Tris, pH 8.0, and then
Site-Directed Mutagenesi§or each mutation, two 21- dialyzed against the same buffer. Note that gels of crude
nucleotide primers were constructed. The mutagenic primer,expressed TEM-1 yield a doublet with the upper band
based on the coding strand, had the mutated codon placeatorresponding to the precursor®factamase which contains
at its B end, followed by six codons downstream of the point a 26 amino acid leader sequen@2)( The precursor does
mutation in the gene sequence. The noncoding primer wasnot refold properly and is separated from the folded protein
composed of the sequence complementary to the severby centrifugation. The soluble folded protein was then
codons immediately upstream from the site of mutation. applied to an ion exchange column (HiTrap Q, Pharmacia)

Standard PCR conditions were used, with PWO (Boehringer equilibrated with 50 mM Tris, pH 8.0. Following a five

Mannheim) as high fidelity enzyme, 4 mM Mgg@nd the

column volume wash (4 mL/min), TEM-1 eluted with a

short pET-9a with the appropriate inserted gene as a template0—0.5 M linear gradient of NaCl (in Tris buffer) over 8 min.

Following phosphorylation of the purified PCR fragment,

the blunt ends were ligated and the plasmids were trans-

formed into TG1 cells. The correct single mutations were
confirmed by direct sequencing of the gene from both the
5" and 3 ends. The efficiency of site-specific mutagenesis
is about 90%, with the occurrence of random mutations in
20% of the genes analyzed.

Expression and Purification of Recombinant BLIP and Its
Mutants from E. coliPlasmids harboring thielip gene, or
its mutant, were transformed E coli BL21-(pLys S) cells.
A 100 mL starter culture was grown overnight at 37 in
2xTY medium containing 3@g/mL kanamycin. This culture
was used to inoculate 12 L of medium which contained
(w/v) 2% tryptone, 1% yeast extract, 0.25%HP0,, 0.5%
NaCl, 0.1% MgSQ, antifoam and kanamycin (3@g/mL)
at pH 7. The cells were grown in a fermentor at &7, At
Asoo = 0.6, protein expression was induced by the addition
of 0.2 mM IPTG and growth continued for another 5 h. The
pelleted cells were resuspended in lysis buffer (50 mM Tris,
pH 8, 100 mM NaCl, 1 mM EDTA, and 5Q:g/mL

Fractions containing TEM-1 were concentrated and purified
on a gel filtration column as described for BLIP (TEM-1
elutes after 60 min at 1.2 mL/min), yielding-20 mg/750

mL culture. A single band at 29 kDa was observed by SDS
PAGE. Both the protein concentration and its activity were
determined (as described below). The protein was then
aliquoted, flash-frozen in liquid nitrogen, and stored-a0

°C.

Determination of Protein Concentratioxtinction coef-
ficients of exg0 = 28 460 for BLIP andezgo = 28 960 for
TEM-1 were determined by the method of Gill and von
Hippel (23). Protein concentrations were determined from
the UV absorbance at 280 nm using the appropriate extinc-
tion coefficients.

TEM-1 Actvity Assay The activity of TEM-1 was
monitored with PADAC (Calbiochem), a colored cepha-
losporin which undergoes a blue shift upon hydrolysis by
the enzymeZ4). The assay involves monitoring the rate of
hydrolysis of the substrate by TEM-1. In a typical experi-
ment, five different solutions of purified TEM-1 (1 niv

lysozyme), sonicated, and subjected to a French press0.1uM, 0.025 M Tris, pH 7.5) were mixed with an equal

Following centrifugation, the inclusion bodies were washed
with lysis buffer which did not contain lysozyme and
dissolved by stirringn 8 M urea (56-100 mL, 4°C, for 1

volume of PADAC solution (10.&M in the same buffer),
and the decline is7, as a function of time was monitored
immediately at 25°C. The initial rates of hydrolysis were

h). The denatured protein solution was refolded by dropwise obtained from the slopes of the initial reaction profile.

dilution (10x) into 25 mM Tris, pH 8.4, and then dialyzed

Following the subtraction of the rate of hydrolysis of PADAC

3 times against the same buffer. The protein solution was in the absence of TEM-1, rates were plotted as a function of
applied to an ion exchange column (HiTrap Q, Pharmacia) TEM-1 concentration. The slope of the linear fit defines the

equilibrated with 25 mM Tris, pH 8.4. Following a five
column volume wash (4 mL/min), BLIP was eluted with a
0—0.15 M linear gradient of NaCl in Tris buffer over 8 min.
BLIP was concentrated with Gyrosep 75 (Intersep) and
applied to a Sephadex 75 column (16/26) equilibrated with
50 mM Tris, pH 8.4, and 100 mM NaCl. Pure BLIP eluted
after 70 min (1.2 mL/min), yielding 2550 mg/12 L culture.
A single band at 17.5 kDa was observed by SIPRGE.
The protein was aliquoted, flash-frozen in liquid nitrogen,
and stored at-70 °C.

Expression and Purification of TEM-1 and Its Mutants.
Plasmids harboring thébla gene or its mutants were
transformed tde. coli BL21(pLys S) cells. A 10 mL starter

specific activity of TEM-1. In all the experiments described
here, the specific activity of TEM-1 was 16 10°°s™%
Enzyme Inhibition Assayurified TEM-1 solutions (con-

stant final concentration of 1 nM with BLIP-wt, and 0.1 nM
with BLIP-D49A) were mixed with growing concentrations
of inhibitor. The mixtures, placed in wells of a disposable
multiwell plate, were left on the rocking table (room
temperature, 1 h). An aliquot of PADAC solution (to yield
a final concentration of ®M) was added to each well, and
As72was monitored at constant time intervals on a microplate
autoreader (with the hydrolysis of PADAC in the absence
of TEM-1 as background). The initial rates of hydrolysis
were plotted as a function of the BLIP concentration, and
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the curves were fitted to eq 1 which expresses the concentra-depending on the protein, were typically immobilized under
tion of the complex, [B-T], as a function ofKy (the these conditions.
equilibrium constant for complex dissociation) and the  Each binding experiment was performed with a constant
protein molar concentrations [T] and [B] (TEM-1 and BLIP, flow of HBS (or indicated buffer) of 1@L/min, at 25°C.
respectively): Prior to the injection of the analyte, %0 of chase solution
(containing the wild-type immobilized proteins at a concen-
—[B] +[T] — Kq4 tration of 1uM in the same buffer) was injected. This was
2 + used to adjust the base line for the direct determination of
\ the dissociation rate constant. Between 50 and A0®f
(IB] +[T] + Kd)2 analyte (1uM) was injected over the surface for the
2 — [B][T] ] (1) association phase, and 2&0 of chase solution was used
in the dissociation phase. The surface was regenerated with
whereA is the activity of the noninhibited sample. 20 uL of urea (8 M) followed by an extensive wash of the
Fluorescence Spectroscotuorescence emission spectra system and equilibration of the surface with buffer for at
were measured at Z% (excitation wavelength of 280 nm, least 30 min. Typically, the active fraction of immobilized
with an excitation and emission bandwidth of 4 nm). protein was between 20% and 50%. To estimate the increase
Temperature control of the cuvette block was maintained in RU resulting from the nonspecific effect of protein on
by a thermostated circulating water bath. Samples werethe bulk refractive index, binding of protein to a control
scanned from 300 to 400 nm at 1 nm/s. A total of 100 data surface with no immobilized ligand was also measured (data
points were recorded per scan, and 10 scans were averagedot shown). This nonspecific signal was nonsignificant for
The molar fluorescence coefficients of TEM-1 and BLIP either BLIP or TEM-1 at the concentrations analyzed.
(7800 and 3400, respectively, in 25 mM Tris, pH 7 at 25 Association and dissociation rate constants were determined
°C) were calculated from the slope of the emission (at 340 by analysis of the appropriate regions of the sensogram using
nm) as a function of protein concentration. the BlAevaluation 2.1 software package (Pharmacia).
Fluorescence Titration Quenciithe emission (at 340 nm) Stopped-Flow Measuremenisssociation rate constants
of a 700uL solution of TEM-1 (0.24M) at the appropriate  were measured by stopped-flow fluorescence atQ%on
pH was monitored as described above. A total of 20 aliquots an Applied Photophysics SX-17MV instrument. Excitation
of BLIP (2 uL of 7 uM in the same buffer) were titrated to was at 280 nm (slit width 1 mm), and emission was
this solution. Following each titration, the solution was mixed monitored using a cutoff filter of 320 nm. In each experiment,
and allowed to equilibrate for 4 min before recording the 400 data points were recorded over a 200 s reaction (5 runs
emission. The fluorescendg, of the mixture of TEM-1and  were averaged). The fluorescence decrease accompanying
BLIP at equilibrium is described by the equatidby: the association of TEM-1 to BLIP was monitored under
pseudo-first-order conditions where a 5-fold excess of TEM-1
F=f{T] + fg[B] — fA1/2{([T] + [B] + Ky) — was used. The ratek)( measured for five different concen-
«/([T] +[B] + Kd)z — A[T]B]} (2) trations of TEM-1, were calculated by fitting the traces to

A
B-T=m

where [T] and [B] are the total concentrations of TEM-1 A=AAe M+ C 3)
and BLIP, respectivelyfy andfg are the molar fluorescence ) ) o )
of free TEM-1 and BLIPf, is the molar fluorescence change WhereAis the quantity of TEM-1 which is in complex with
occurring on complexation, a positive value indicating a net BLIP attimet, AAis the amplitude of the change A& and
quench; andKq is the equilibrium constant for complex Cis Fhe offset. The slope of thg rates of association, as a
dissociation. The measured fluorescence was plotted as gunction of the molar concentration of TEM-1, defines the
function of [B], and the above equation was used to fit the @SSociation rate constark,
plot. [T] and [B] were treated as independent variables, RESULTS
was the dependent variable, afd fs, fa, and Kq were
adjustable parameters; the former were optimized by the Recent studies involving BLIP used the purified secreted
calculated values above. To measure the pH dependence oprotein from cultures oBtreptomyces clailigeurs(5, 20).
the affinity constants, 25 mM buffer solutions were used Here we use, throughout this study, recombinant BLIP
(MOPS for pH 6.5 and 7.5, Tris for pH 7). overexpressed i&. coli. We compare and contrast different
Determination of Equilibrium Constants Using SPR De- methods for the determination of the equilibrium and kinetic
tection The BIAcore system, sensor chips CM5, HBS (10 constants of the TEMBLIP complex. These tools are
mM Hepes, 3.4 mM EDTA, 150 mM NacCl, 0.05% surfactant implemented to study the contributions of specific residues
P20, pH 7.4), and the amine coupling kit were obtained from to the stability and kinetics of the complex, from which
Pharmacia Biosensor AB (Uppsala, Sweden). Prior to any mechanistic considerations can be derived.
analysis on the BlAcore, the protein samples were centri- Determination of Equilibrium and Kinetic Constants for
fuged for 5 min to avoid aggregated material which could the Complexation of TEMBLIP. (A) Enzyme Inhibition
interfere with the measurements. The amine coupling kit was Assay The activity of TEM-1 was monitored spectroscopi-
used to activate the carboxymethylated dextran surface ofcally by the rate of hydrolysis of the colored cephalosporin
the sensor chip. Immobilization was achieved by injecting PADAC (24), while binding of BLIP was followed by the
the desired protein (% 20uL, 5—10uM in sodium acetate, inhibition of TEM-1 activity. The initial rates of hydrolysis
20 mM, pH 4.6, 5ulL/min). Residual NHS esters were of the substrate were plotted as a function of BLIP
inactivated with ethanolamine. Between 500 and 3000 RU, concentration (Figure 1), and the valuekgfvere calculated
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Ficure 1: Comparison between the affinity of BLIP-wt to TEM-
wt (1 nM) (@), and of BLIP-D49A to TEM-wt (0.1 nM) ©), 4400
measured by the enzyme inhibition assay (HBS, RT). The activity B .
of TEM-1 was monitored by the rate of hydrolysis of PADAC, ‘
followed by the decline irAs7o. Curves were fit to eq 1, yielding ° 4000 e
Kq values of 2.3x 1072 M for BLIP-wt with TEM-wt and 2.9 x e
108 M for BLIP-D49A with TEM-wt. 8
@ 3600 |-

from the fit of the curve to eq 1. The value obtained by this ‘g A
_method for the bindin.g affinity of the two vyild—type .proteins T 4000l Mf/@
is 0.4 nM (50 mM Tris, pH 7.5, 28C). This value is very o~
similar to the affinity of 0.6 nM obtained by a similar assay,
using BLIP purified from the secreted media 8f cla- 2800 — 0z o4 o6  os
vuligerus (where nitrocefin or imipenem was used as a " BLIP (uM]

substrate in 50 mM phosphate .buffer, ij'Q’@ @)' Ficure 2: (A) Fluorescence emission spectra (measured in arbitrary
Thus, the activity of the recombinant protein is identical to pjts) of TEM-1, BLIP, and their 1:1 complex (18 protein in
that of the secreted protein. Due to the sensitivity of the 50 mM Tris, pH 8.0). The calculated spectrum is the sum of the
enzymatic activity, one can use very low concentrations of ﬁpectra of TEM-1 ahndeLlP. OI(B) §4Bypical curve.sht_)wingf tE?EIP
roteins in this assay, thus providing very accurate affinity fluorescence quench observed at nm, upon titration o
P Y P . 9 Y . _y to a solution of TEM-1 (0.2«M in 25 mM Tris, pH 7, at 25°C).
constants. Note, however, that this assay relies on following The value ofKg (2.9 x 10-10 M) was obtained by fitting the curve
the kinetics of TEM-1 activity. Therefore, it is not reliable 5 gq 2.

for measuring affinities of TEM-1 mutants with significantly

affected enzymatic activities. Table 1: pH Dependence of Kinetic and Equilibrium Constants for
(B) Fluorescence Quench TitratioRluorescence emission  Wild-Type TEM-1 and BLIP
spectra were taken of TEM-1, BLIP, and an equilibrated 1:1 stopped-flowfluorescence enzyme

mixture of the two proteins. Figure 2A shows that the  B!Acore (TEM-1immobilized) i orescence quench inhibition
fluorescence intensity obtained from the complex is less than k’?A(_Xllc_)i) ka(>107) kd”\';a k&(jlﬁ) fivation  assay
the sum of the intensities of the two separate proteins. This " MZshH ) (M) MTsH ¢ (M) Ka (M)

observed quench was exploited in order to establish a binding8-> g-g fg é? gé g;
assay_f_or TEM-BLIP. In t_he titration experiment, a solu'glon 75 31 19 04 52 03 04
of purified TEM-1 was titrated with known concentrations go 06 2.7 45 0.86

of purified BLIP, and the fluorescence was monitored at a 85 0.2 6.4 32 0.37 16

fixed wavelength following an equilibration step (Figure 2B). 90 0.07

As the concentration of BLIP approached a 1:1 stoichiometry, @ Association k;) and dissociationk) rate constants measured by
a curvature is observed. The size and shape of the curvaturéSPR on the BlAcore at 25C (25 mM buffer maintained at a constant
depend on the affinity between the two proteins. The curves g’gcgs”ength of 0.05 M with NaCl): MOPS, pH 6-5.0; Tris, pH
. . .5-9) and by stopped-flow fluorescence using the same buffers.

(obtained from measurements at different pHs, see below)pjssociation constantskg) were measured directly at the same
were fitted to eq 2 to derive equilibrium constants (Table temperature by fluorescence quench titration (20 mM buffer: PIPES,
1). Note that the equilibrium constants thus obtained are very pH 6.5; Tris, pH 7-8.5) and the enzyme inhibition assay (50 mM Tris,
sensitive to slight changes in the curve in the breakpoint areaEaHﬂz-S%/)o- fi?kszsd‘féa tft‘)f r?\-leléa\?aelusetgnrg:;dsgggaémﬁfﬁofmed
which .IS strongly depe_ndent onthe CO”C‘?U”""“O” of proteins, flc;w: +4%; K; values measurdéd by fluorescence quench titratirc))?l and
especially under conditions of strong affinity. Therefore, for he enzyme inhibition assay+100% anc-8%, respectively.
proteins with a high affinity, we approach the limitation of
the technique at the protein concentrations needed forgroups. Association and dissociation of the soluble partner
detection (this is reflected in a very high standard deviation). was followed at real time on the BIAcore by monitoring the
Despite this difficulty, theKy value measured by the enzyme change in refractive index associated with its binding or its
inhibition assay at pH 7.5 is very close to the value measuredrelease from the immobilized ligand. Typical kinetic profiles
by this method (Table 1). of the binding of BLIP and of BLIP-D49A to immobilized

(C) Calculation of k from Kinetic Data Measured by SPR ~ TEM-1 are shown in Figure 3. To overcome discrepancies
TEM-1 or BLIP were covalently immobilized to a car- inthe dissociation rate constants due to rebinding of protein
boxymethylated dextran matrix through their primary amine during the dissociation phase, we added protein of the
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this dependence results from a decrease in the association
rate constant above pH 7.5, and an increase of the dissocia-
tion rate constant below pH 7 and above pH 7.5. The effect
of the buffering agents was evaluated by measuring the
association rate constant at pH 7.5 (at a constant ionic
strength of 0.05 M maintained with NaCl) in both MOPS
and Tris on the stopped-flow machine. The different buffer-
ing agents have a small effect on the measured binding
kinetics (2.0x 10° and 2.4x 10 M~ s, respectively).
However, it is not large enough to explain the generation of
i | i ’ ! the above profile.
200 400 600 800 1000 1200 The effect of salt on the binding kinetics of proteins is a
TIME (s) measure of the contribution of electrostatic forces to com-
FiGURE 3: Binding of BLIP-wt (O) and BLIP-D49A @) to TEM- plexation. The association between wild-type BLIP and
wt measured on a BlAcore (HBS, 28). TEM-1 was immobilized TEM-1 was measured at different salt concentrations both
at a level of 2500 RUs. Following the association of/A0of 1 on the BlAcore (with TEM-1 bound to the sensor chip) and
/éM.B'-'P.‘* a chase solution containing AM TEM-wt was used oy 5 giopped-flow instrument. The association rate constant
uring dissociation. . . . o -
decreases with an increase in the ionic strength of the solution
(Figure 6). However, this dependence is fairly low, especially

immobilized species to the chase solution. The affinity h 4 b d-flow fl h h
constants calculated from the kinetic data measured on theV€N measured by stopped-flow fluorescence where the

BlAcore, with TEM-1 immobilized to the sensor chip, were association decreased by only 2-fold upon theie;ddiition of
comparable to those obtained by fluorescence titration, ando'5 M salt [from 2.5x 10° to 1.1 x 10 M™ s,

the enzyme inhibition assay (Table 1), methods that are basec{espectivel_y, while for proteins which are attracted b_y strong
on the interaction of the two protei,ns in a homogeneous electrostatic forces such as barnabarstar, a reduction of

phase 2 orders of magnitude was observezb)]. Note that the
' discrepancy between the BlAcore data and the stopped-flow
Examination of binding kinetics with BLIP bound to the pancy PP

, . . . - data is especially pronounced at nonphysiological salt
sensor chip and TEM-1 in solution gave reproducible specific ¢, centrations (see value at 0.02 M, the ionic strength of
binding. However, the absolute values of the rate constantsy,q s51tion in the absence of salt, Figure 6). Hence, BIAcore
and of the binding affinities were different from those

I - is not the method of choice for measuring association rate
measured with |mmo_b|I_|zed TEM-1. Table 2 ShOV_VS bo_th_a constants at extreme salt concentrations. A low dependence
slower rate of association and a faster rate of dissociation

: on the salt concentration is also observed for the dissociation
when the rate _constants were measured with BLIP bound_ torate constants (measured on the BlAcore) which increased
the sensor chip as compared to the rate constants obtalneﬁom 1.2 x 104 s to 3.5 x 104 when going from no
with TEM-1 bound. Thus, one has to be cautious in the added salt to 0.5 M NaCl.
determination of absolute kinetic constants using the BIA-

core.

400 -

300

200 -~

Response (RU)

100

(B) Contributions of Specific Residuém analysis of the
effect of mutations on the rate of association of TEBLIP

While the absolute kinetic constants measured by the shows that upon removal of positively charged residues on
BlAcore are erroneous with BLIP bound to the sensor chip, TEM-1, a significant reduction of the relative association
values of the change in free energy for the alanine mutantsrate constant to BLIP is observed (Figure 7A). This is
relative to the wild-type AAGmue-wy] did not depend on  especially pronounced for the double mutant, TEM-K234A,
which protein was immobilized (Table 2). Figure 4 shows a R244A. However, this does not apply for the association of
plot of AAG(mut-wy Values obtained from kinetic profiles  TEM-1 to BLIP-D49A. Here the removal of a negative
measured with immobilized TEM-1 versus data obtained with Charge causes an increase in the relative association rate
BLIP bound to the sensor chip. It shows a tight correlation constants. Thus, it seems as though mutations that decrease
with a slope near unity. Furthermore, the valuAAKGmut-w the negative charge on either one of the proteins increase
measured by the enzyme inhibition assay is comparable tothe association rate constant, whereas mutations which
the value obtained by BlAcore (Table 2). Therefore, BIAcore increase the negative charge reduce the association rate
data may be used to determine the valueAXGmut-wy, constants of the complex formation. Surprisingly, an en-
which is independent of the method of measurement, sincehanced association rate constant was also observed for the
it reflects the net difference in the way in which the mutated jnteraction of BLIP-D49A with TEM-K234A or with TEM-
protein binds compared to the wild-type. R244A, where both a negative charge and a positive charge

Characterization of TEMBLIP Complex Formation. (A)  were removed from the interface.
Effect of Solution Condition$-luorescence quench titration While the effect of mutations on the association rate
was employed for the determination of the pH dependenceconstants depends to a large extent on the charge of the
of the dissociation constants of wild-type TEM-1 and BLIP mutated residue, the effect on the dissociation rate constants
between pH 6.5 and 9. The highest affinity is found at a depends on the disruption of short-range specific interactions
narrow range of pH values {77.5) while at both higherand  and is a measure of the contribution of the mutated residue
lower pH values, there is a decrease in affinity. This sharp to the stabilization of the complex. Each of the selected
dependence on pH was confirmed by the dependence of theTEM-1 mutations slightly weakens the TEMBLIP com-
binding kinetics on pH, measured on the BlAcore and by plex, whereas removal of BLIP-Asp 49 (which forms
stopped-flow fluorescence (Table 1). Figure 5 shows that hydrogen bonds with each of the analyzed TEM-1 residues)
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Table 2: Kinetic and Equilibrium Constants for Binding TEM-1 and BLIP Mutants
BlAcore (BLIP immobilized)

mutated residue Ke(x 10%) ke(x1073) k/k —AGE AAGH
TEM BLIP M~ts™h (s™ (nM) (kcal/mol) (kcal/mol)
wt wt 4.2 0.6 15 10.6
R244A wt 1.1 1.6 137 9.3 1.3
S235A wit 5.7 24 43 10.0 0.6
K234A wt 1.6 1.4 91 9.6 1.1
S130A wt 3.1 0.9 29 10.2 0.4
R244A, K234A wt 0.4 2.1 515 8.5 2.1
wt D49A 4.6 105 227 9.0 1.6
R244A D49A 4.9 3.3 67 9.8 0.9
S235A D49A 6.1 7.0 12 9.4 1.2
K234A D49A 55 5.3 98 9.5 1.1
S130A D49A 45 3.8 85 9.6 1.0
R244A, K234A D49A 2.8 6.6 241 9.0 1.7
BlAcore (TEM-1 immobilized) enzyme inhibition assay
ke(x 10%) ka(x1073) ka/keP —AG AAGH K —AG AAGH
(M-1sh) (s (nM) (kcal/mol) (kcal/mol) (nM) (kcal/mol) (kcal/mol)
11.9 0.33 2.8 11.6 2.3 11.7
24 0.67 27.9 10.3 14
34 0.64 18.9 10.5 1.1
5.9 0.53 9.0 10.9 0.7
0.9 1.10 121 9.4 2.2
20.0 6.5 32.6 10.2 15 29 10.25 15
0.9 25 2.52 10.6 1.0
194 3.8 194 105 1.15
12.5 2.9 235 10.4 1.3
8.0 35 44.0 10.0 1.6

aBinding constants calculated from kinetic data measured on the BlAcore (with either TEM-1 or BLIP immobilized to the sensor chip) are
compared to data obtained for TEM-wt using the enzyme inhibition assay (both methods in HBSG}. Z%e average standard deviations
(calculated for data from-26 experiments) for data measured with BLIP immobilized ##2% for ks, +15% for kg, +20% for kg/ks, +0.1
kcal/mol for AG, and £0.15 kcal/mol forAAG; for data measured with TEM-1 immobilizedt7% for k,, £5% for kg, £9% for ky/ks, +£0.05
kcal/mol for bothAG andAAG; for the enzyme inhibition assayt8% for K4, 20.05 kcal/mol forAG, and4-0.07 kcal/mol forAAG. ° Ky = ka/ka,
the calculated dissociation constant whierandk, are the dissociation and association rate constants, respectifély.free energy of dissociation

of the complexAG = —RT In Kg4. ¢ The change in free energy of dissociation for the mutated (mut) relative to the wild-type (wt) prone,
= AGmnut — AGw.

6
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G TEMI bilized Ficure 5: pH dependence of the associatitig) @nd dissociation
AA Gy mmobilize (kg rate constants of wild-type TEM and BLIP. The valueskgf
FiGURE 4: Correlation between values 8fAGmuwy (kcal/mol) measured by SPR on the BIAcore are compared to those measured

: by stopped-flow fluorescence. The drawn lines illustrate the trend
measured on the BlAcore with BLIP bound, and TEM-1 bound to
the sensor chip. The slope of the fit is 1.3#30.14. Values are of the data. The data are from Table 1.
from Table 2. . . . . .
these values are relatively low in the interaction with BLIP,

significantly destabilizes the complex (Figure 7B). The <1.0 kcal mot* for the removal of Ser residues and between
magnitude of the decrease in the binding energy upon 1 and 1.5 kcal mot* upon removal of a positively charged
truncation of a side chaimYAGmuwy) reflects the net effect  residue on TEM-1. The lower affinity with BLIP results from

of the mutation on both association and dissociation, and isthe reduced association and enhanced dissociation rate
an indication of the importance of that residue for complex- constants of the TEM-1 mutants. Elimination of the negative
ation. All the chosen mutations destabilize the TEBLIP charge on BLIP-D49A weakens the binding interaction with
complex [positiveAAGmu—wy Values, Table 2]. However,  wild-type TEM-1, but its effect over the background of the
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104 s™1). The association of the two proteins, on the other
hand, is comparable to many other proteprotein com-
plexes (2.5< 1 M~1s™1). However, it is significantly lower
than the association rate constants of proteins which are
attracted by favorable long-range electrostatic interactions
such as barnasebarstar 26, 27), hirudin and thrombinZ8),

and ferricytochrome and ferrocytochromés (29, 30 for
which association rate constants of ove? M0 * st (which

is close to the diffusion limit) have been detected. Moreover,
we observed a relatively low dependence of the association
rate constant on the ionic strength of the solution. Hence,
electrostatic forces do not seem to contribute to the associa-

FIGURE 6: Salt concentration dependence of the association rate tion Of these two proteins.

constant k;) of the wild-type TEM-BLIP complex at 25°C
measured on the BlAcore and on the stopped-flow instrument.

B Blip-wt
Blip-D49A

k, (mutant)/k, (wt)

0.1

ky(mutant)/kg(wt)

K234A+
S130A R244A

wt R244A K234A

TEM-1

Ficure 7: Relative change of association (A) and dissociation (B)
rate constants for alanine mutants of TEM-1. Black bars are for
the interaction with BLIP-wt, and gray bars are for the interaction
with BLIP-D49A. The data are taken from Table 2, with TEM-1
immobilized to the sensor chip.

single TEM-1 mutants is relatively low. Thus, the enhanced
dissociation rate constants are compensated by the enhanc
association rate constants of these proteins. Nevertheles
adding up theAAGmuwy Values of all four TEM-1 single
mutants gives a value of 3.5 kcal mé&lwhich is more than
double the loss in free energy upon mutating BLIP-D49A
suggesting the cooperative nature of this binding unit.

DISCUSSION

Here, we show that despite the lack of electrostatic
attraction between TEM-1 and BLIP, the association kinetics
are highly sensitive to even small changes in the charge of
one of the proteins. At ambient pH, both TEM-1 and BLIP
carry a net negative charge-Te and—2e, respectively).
Upon mutation of positively charged groups in the binding
site of TEM-1, the electronegativity of the protein increases,
resulting in a strong decrease of the association rate constants.
On the other hand, removal of only one negative charge on
BLIP almost neutralizes the protein. Consequently, repulsive
forces between the two proteins are removed, and the
association rate constants increase.

It has been suggested that the association rate constant is
linearly related to the electrostatic energy of interaction of
two proteins at an “encounter complexXd1). The encounter
complex was defined as a state where the two binding sites
are aligned, but the proteins remain solvated. To illustrate
the effect of electrostatics on the association of TEM-1 and
BLIP, we calculated the electrostatic potential at the “en-
counter complex”. Following the calculation, the two proteins
were rotated so that their binding surfaces are shown face-
on (Figure 8). Figure 8A shows the calculated surface
potential felt by the two wild-type proteins. The surface
potential of TEM-1 is characterized by an overall negative
potential except for the active site pocket, which is strongly
positive. The negative potential is especially pronounced in
the perturbing loop and helix (GIn 9His 112) which
interacts with a concave polar surface on BLIP. A similar
electrostatic description of TEM-1 has been shown before
(32). The surface potential of BLIP-wt complements that of
TEM-1, to some degree, with its strong negative potential
located in the vicinity of Asp 49, which interacts with groups
lining the positive active site of TEM-1. All-in-all, the
surfaces of both proteins are slightly negative, supporting

e lack of electrostatic attraction between them. Figure 8B

Sshows the result of the calculated surface potential of the
extreme case where the two positive groups, Arg 244 and
Lys 234 in the active site of TEM-1, were removed. As a
result, the potential of both surfaces becomes strongly
negative, resulting in repulsion that is reflected in the slow
association rate constant of the double mutant with BLIP.
Figure 8C shows the result of the calculated potential of

Here, we describe a kinetic and thermodynamic analysis BLIP-D49A and TEM-1. Here, the removal of one negative

of the binding of theS-lactamase TEM-1 and its protein

charge on BLIP eliminated most of the negative potential

inhibitor BLIP. The recombinant protein showed an identical on the surface of BLIP and caused the perturbing hinge of
binding affinity to TEM-1 as BLIP purified from the secreted TEM-1 to become less negative as well. Moreover, the active
media ofStreptomyces clailigerus(0.6 nM) (6). We show site of TEM-1 became more positive (note that the electro-
that this strong affinity is predominantly due to a very stable static potentials of the two proteins in the “encounter

complex reflected by a slow dissociation rate constant (3 complex” affect each other). Thus, this mutation removes
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Ficure 8: Binding surfaces (face-on) of BLIP (upper) and TEM-1 (lower), color-coded according to their electrostatic potential calculated
by GRASP 89). The calculations were performedlat 0.02 M, with the two proteins in complex, but translated to accommodate a layer

of water. Following the calculation, the two proteins were rotated so that their binding surfaces are shown face-on. (A) The two wild-type
proteins; (B) BLIP-wt with TEM-K234A, R243A; (C) TEM-wt with BLIP-D49A.

all the repulsive forces between the two proteins, causing We have focused on the energetic analysis of the multiple
the enhanced measured association rate constant. This simpliteractions between BLIP-Asp 49 and the four TEM-1
electrostatic calculation can also explain why the TEM-1 residues lining its active site, which constitute only one set
mutations K234A and R244A, on a BLIP-D49A background, of interactions that stabilize the TEMBLIP complex. The
hardly influence the association rate constant between thevalues ofAAGu—wyy Measured for all the single mutants in
two proteins. Together, the calculated surface potentials andthis domain are relatively low (with the highest value of only
the measured association rate constants of the various mutant$.5 kcal mof? for BLIP-D49A). This suggests that these
suggest that although the two wild-type proteins are not residues have relatively low contributions to the complex
strongly attracted by electrostatic forces, mutations of chargedstabilization. Values of the same order of magnitude have
residues strongly affect their surface potentials. Consequently,been observed for interacting residues in the binding site of
electrostatic forces become predominant factors in thethe antibody D1.3 to its antigen (HEL3), human growth
association of the two proteins. hormone (HGH) with its receptorl( 2), and barnase with
The dependence of the association and dissociation rateits inhibitor barstarg, 34). In all these cases, the interacting
constants of the two wild-type proteins on pH may also be residues are situated in the periphery and are remote from
explained by simple electrostatic rules. Elevatdd, of the center of binding, wWhilAAGmuwy Values of residues
specific histidine residues located on the binding surface of located at the center of binding sites [so-called “Hot spot”
one of the proteins will result in additional positive charges (2)] were as high as 6 kcal mol. This was independent of
at ambient pH. A careful analysis of the TENBLIP whether the central regions form charge contacts (as in
interface reveals that there are four histidine groups on thebarnase-barstar) or hydrophobic contacts (as in HGH
binding surfaces: His 96 and His 112 on TEM-1 and His receptor). Peripheral electrostatic interactions were shown
41 and His 148 on BLIP. Charged groups are found in close to have other roles such as to increase the rate of association
proximity to each one of them. Thé&pof a free His residue (1) and to contribute to the specificity of binding by repulsion
is 6.3, but can be shifted easily by 1 or more pH units by of nontarget molecules through unfavorable electrostatic or
charged groups3@). This can explain the higher association steric interactions35). The peripheral location of this site
rate constants up to pH 7.5, and the drop observed aboveactually has an advantage for our study, since one can assume
this pH. that the mutations made here will not affect the rest of the
The magnitude of the dissociation rate constant is sensitivebinding site. Moreover, because of its multiple nature, it is
to the exact nature of the interacting side chains and reliesideal for measuring the cooperative effect between inter-
primarily on the disruption of short-range contacts. Mutation actions within side chains located on two proteins.
of any one of the TEM-1 residues lining the active site cavity = We have set two long-term goals for the investigation.
causes the dissociation rate constant to double. HoweverOne is to understand the cooperative nature of interactions
truncation of BLIP-Asp 49 results in an increase of 1 order between residues in an interface of a protein complex. The
of magnitude in the dissociation rate constant of the complex. other is to define the nature of the so-called “hot-spot” of
This is not surprising in light of the fact that Asp 49 interacts an interaction site. Whether or not the functional epitopes
with each of the four TEM-1 residues. Hence, mutation of of the individual proteins complement each other can easily
this group alone results in the loss of all four stabilizing be approached in the TEMBLIP interaction, from two
residues regardless of which TEM-1 residue has beeninteresting angles. One is by mapping the energetically
mutated, if at all. The sum of thAAG values of all four critical residues on differenf-lactamases with BLIP, and
TEM-1 mutants is 3.5 kcal mot, which is more than double  the other is comparing the interaction of differ@rtactamase
the loss in free energy upon mutating BLIP-D49A, suggest- inhibitors with TEM-1 (as there is a strong analogy between
ing the cooperative nature of this binding unit. the mode of interaction of BLIP and “mechanism-based”
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inhibitors). Another interesting aspect of the TEMLIP The affinities calculated from kinetic data measured on
interaction is the contribution of ordered water in its the BlIAcore with TEM-1 immobilized to the sensor chip
“functional epitope”. The high-resolution crystal structure are comparable to those obtained by methods where the
of the complex indicates the presence of highly ordered waterproteins are in a homogeneous phase. On the other hand,
molecules which are predominantly clustered between Glin binding in the reverse orientation, with BLIP bound to the
99 and His 112 in the enzyme and the polar residues lining sensor surface and TEM-1 in solution, yielded responses
the concave side of the inhibitob)( Therefore, this system  corresponding to lower affinities. This discrepancy may result
is ideal for the correlation between solvation and functional- from repulsion of TEM-1 (which is strongly negative) by
ity. the negatively charged dextran layer which supports BLIP.
Here, we set the foundations for this extensive analysis This repulsion can explain the relatively slow association
by establishing working conditions and methods for the rapid and fast dissociation of TEM-1 to immobilized BLIP, which
and precise determination of binding energies. These wereis not observed when BLIP (which is less negative) is
determined by the direct measurement of the equilibrium allowed to interact with immobilized TEM-1. Hence, TEM
constantiy, using the enzyme inhibition assay or fluores- BLIP complexation provides an excellent example for some
cence quench titration (which are independent of the reactionof the difficulties which may arise using SPR calculated
pathway) and by calculatinkfy values fromky/kon, Which kinetic data for the determination of equilibrium constants.
relies on the correct choice of the reaction scheme. As BLIP Nevertheless, the values o AGmuwy) obtained from the
is a slow tight binding inhibitor of TEM-1, it is reasonable BLIP-bound data are the same as those calculated from the
to assume that the process of complexation involves multiple TEM-1-bound data and to values obtained by direct deter-
sequential equilibria. A minimalistic reaction scheme for such mination of Kg. Thus, we can use the BlAcore for the
a reaction involves the formation of at least one encounter determination of reliable values &AGmu-wy and for the
complex (A:B) at a raté;, which subsequently transforms  calculation ofAAG; by double mutant cycles36). How-
into the final complex (AB) at a ratie, as shown in Scheme  ever, when alternative methods for confirming SPR-generated

1: equilibrium constants are not available, it is suggested to
use the competitive approach where the binding constants

Scheme 1 are measured in solution, using the SPR for detectiagn (
37, 38.
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