Biochemistry2004,43, 2445-2457 2445

Contributions of Amino Acid Side Chains to the Kinetics and Thermodynamics of
the Bivalent Binding of Protein L to Ig Light Chainf

Henrik G. Svensson®William J. Wedemeyet,Jennifer L. Ekstronf,David R. Callende?, Tanja Kortemmé,
David E. Kim§$ UIf Sj6bring# and David Baker

Lund Uniersity, BMC B14, Torneagen 10, S-22184 Lund, Sweden, Box 357350péfgity of Washington,
Seattle, Washington 98195-7350 USA, and Department of Biochemistry and Biophysiessinof California San Francisco,
San Francisco, California 94143-0448 USA

Receied May 23, 2003; Raesed Manuscript Receéd September 25, 2003

ABSTRACT: Protein L is a bacterial surface protein with-8 immunoglobulin (Ig)-binding domains (B1

B5), each of which appears to have two binding sites for Ig, corresponding to the two edges sifiéist.

To verify these sites biochemically and to probe their relative contributions to the protémlight

chain ) interaction, we compared the binding of PLW (the Y47W mutant of the B1 domain) to that of
mutants designed to disrupt binding to sites 1 and 2, using gel filtration, BIAcore surface plasmon resonance,
fluorescence titration, and solid-phase radioimmunoassays. Gel filtration experiments show that PLW
binds« both in 1:1 complexes and multivalently, consistent with two binding sites. Covalent dimers of
the A20C and V51C mutants of PLW were prepared to eliminate site 1 and site 2 binding, respectively;
both the A20C and V51C dimers bindin 1:1 complexes and multivalently, indicating that neither site

1 nor site 2 is solely responsible fobinding. The A20R mutant was designed computationally to eliminate
site 1 binding while preserving site 2 binding; consistent with this design, the A20R mutantdimdsl
complexes but not multivalently. To probe the contributions of amino acid side chains to binding, we
prepared 75 point mutants spanning nearly every residue of PLW; BlAcore studies of these mutants revealed
two binding-energy “hot spots” consistent with sites 1 and 2. These data indicate that PLWk l@hds

both sites with similar affinities (high nanomolar), with the strongest contributions to the binding energy
from Tyr34 (site 2) and Tyr36 (site 1). Compared to other protgirotein complexes, the binding is
insensitive to amino acid substitutions at these sites, consistent with the large number of main chain
interactions relative to side chain interactions. The strong binding of protein L tolight chains of
various species may result from the ambidextrous binding of theBSldomains and the unimportance

of specific side chain interactions.

Protein L is an immunoglobulin (Iébinding protein relates with the virulence of such bacter2a ) and can in-
found on the surface of some strains of the anaerobic duce histamine release from human basophils and mast cells
bacteriumPeptostreptococcus magn{s). Protein L cor- by binding and cross-linking IgE on the surface of these cells
(4, 5). Protein L fromP. magnusstrain 312 has five homo-
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Ficure 1: Ribbon diagrams of the two binding sites on the B1 domain of protein L alone and in complex witiglhg chain, taken from

a high-resolution X-ray crystal structures (PDB accession code 1hz5 for a and b and 1hez for ¢ and d). (a) Site 1; the positions of GIn-18,
Ala-20, Phe-22, and Tyr-36 are indicated. (b) Site 2; the positions of Phe-26, Glu-27, Thr-30, Tyr-34, Asp-38, Trp-47, Val-49, and Val-51
are indicated. (c) Site 1 on protein L binds to the segsdrand of the variable domain of Iglight chain withantiparallel 5-strands. (d)

Site 2 on protein L binds to the same site onkldight chain, but withparallel 5-strands. The figures were created using the program
MOLMOL (45).

appear to bind to heavy chains, Aglight chains, the € 1 binding) forms only 1:1 complexes within solution. We

domains ofk, or the variable domain of the ¥ subgroup further obtain a detailed map of side chain contributions in

(27). both sites by characterizing the effects of 75 mutations in
In recent X-ray structuresl8—20), a single site on the PLW on both the kinetics and thermodynamicgdifinding.

was observed to bind at two separate sites on the B1 domairBlAcore studies of these mutants revealed two binding-
of protein L, denoted here as site 1 and site 2 (Figure 1a,b,energy “hot spots” consistent with sites 1 and 2.
respectively). At site 1, the secorfiistrand of B1 binds
antiparallel to the secon@strand of the Y domain (Figure MATERIALS AND METHODS
1c), whereas, at site 2, the thifestrand of B1 binds parallel ] )
to the sam¢-strand of the Y domain (Figure 1d). Previous Materials. Most of the 75 PLW variants have been
biochemical studies, however, have detected only a singledescribed previously2d); the additional site-specific muta-
binding site on PpL &, 21), consistent with the absence of tions were made with the QuikChange site-directed mu-
precipitation between the two isolated domaifsgnd with ~ tagenesis kit (Stratagene) using the protocol suggested by
NMR studies that detected binding at site 1 but no definitive the manufacturer. A pET15b-derived construct expressing
evidence for binding to site 29, 22). A more recent binding ~ PLW (25 was used as a template. All mutations were
study @3) found that the site 1 mutation Y36F lowers the ver|f|e_d by DNA sequencing using the ABI Prism BigDye
affinity 50-fold (from roughly 100 nM to 3M), suggesting ~ 1€rminator Cycle Sequencing Ready Reaction kit (PE
that binding occurs predominantly at site 1 on B1. These APplied Biosystems). Expression and purification of PLW
observations suggest that the site 2 binding may be an artifac@nd its mutants were carried out as described previo8ly (
of crystallization. Human polyclonal. I.gG.was purchased frqm Pierce and used
To verify these sites biochemically and to probe their without further pur_lflcanon. The hum_an kglight cha|_n 44_79
relative contributions to protein-t« binding in solution, we ~ Was a generous gift from Dr. Lars Bjk of Lund University
compared the binding of PLW (the Y47W mutant of the B1 in Sweden.
domain) to that of mutants designed to disrupt binding to  Gel Filtration ExperimentsVarying concentrations of
sites 1 and 2, using gel filtration, BIAcore surface plasmon PLW (or a mutant thereof) and kglight chain were run on
resonance, fluorescence titration, and solid-phase radioim-two different Pharmacia Biotech Superdex 75 HR 10/30
munoassays. We find that both sites contribute to binding analytical gel filtration columns. The molecular weight
in solution. Specifically, the A20C and V51C covalent dimers standards used on column 1 were aprotinin, ribonuclease A,
bind multivalently (despite the respective disruption of sites chymotrypsinogen, ovalbumin, and albumin, whereas the
1 and 2), while the A20R mutant (designed to eliminate site molecular weight standards used on column 2 were aprotinin,
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cytochrome C, carbonic anhydrase, bovine serum albumin,upon binding had a large enough change in fluorescence to
and blue dextran (to determine the void volume). The buffer enable affinity calculations.
was the same PBS as used in the SPR experiments, described Solid-Phase Radioimmunoassay (SPRIM)e wells of
below. The protein concentration was monitored simulta- microtiter plates (Microtest Ill, Becton-Dickinson) were
neously at 215, 280, and 310 nm for column 1 and at 280 coated with 0.1 nmol of Ig light chains in 10QuL of PBS
nm for column 2. at 4°C for 18 h. The wells were blocked with PBS buffer
Surface Plasmon Resonance (SPR) ExperimesiRRR containing 0.25% gelatin and 0.25% Tween-20 4oh at
experiments were carried out using BlAcore 2000 and room temperature, after which the wells were washed four
BlAcore X optical biosensors (Biacore, Inc., Uppsala, times with the blocking buffet?-labeled PLW and different
Sweden). Purified g light chains were resuspended at 0.5 concentrations of unlabeled PLW (or a mutant thereof) were
uM in 10 mM sodium acetate pH 3.4 and immobilized to mixed in a total volume of 10@L of blocking buffer and
CM-5 sensor chips using standard amino-coupling chemistry added to the wells. Afte4 h of incubation at room
following the protocol recommended by the manufacturer temperature, the wells were washed four times with blocking
(www.biacore.com). Binding experiments were carried out buffer and the radioactivity was measured using a gamma
using PBS (1.4 mM KEPQ,, 10.1 mM NaHPQ,, 137 mM counter. All experiments were carried out three times.
NaCl, and 2.7 mM KCI) containing 5@M EDTA and Computational Design of PLW Variants to Restrict V
0.005% Tween-20 as the running buffer and 50 mM HCl as Binding to a Single SiteNew mutants were designed to
the regeneration buffer. All experiments were carried out at significantly destabilize the binding of PLW at sites 1 and
a flow rate of 40uL/min to avoid mass transport effects, 2, respectively. A protein interface design progré&m) (vas
and were carried out using-§ different concentrations of  used to evaluate the effect of mutating residues Q18, A20,
the analyte. The standard method of “double referencing” F22, Y36 of site 1 on PLW and residues E27, A31, Y34,
(26) was used to eliminate artifacts due to the flow chambers. V51, and G55 of site 2 on PLW in disrupting the PEW .
Control experiments were carried out in which PLW was complex. Residues located in each binding site were com-
passed over a chip to which 1§ light chain had been putationally replaced by large side chains (K, R, W, and Y).
immobilized; no binding was detected, indicating that the For each binding site in turn, all possible combinations of
sensorgrams are reporting epecifichinding of PLW and these amino acids at each position (including the wild-type

Ig « light chain. residue) were calculated, while allowing conformational
In standard SPR experiments, PLW or one of its mutants changes in the neighboring side chains to accommodate the
at various concentrations was passed over thdight chain- various mutations. Whereas the polypeptide backbones of

decorated BlAcore chip for 150 s, followed by a dissociation the interacting proteins were held fixed, the side chain
phase of 306900 s in which no PLW was present in the conformations were allowed to vary and were represented
running solution. The amplitudes and rates of the associationas rotamers during the calculation. The free energy changes
and dissociation phases were fit using the Kaleidagraph AAG in the complex and in the isolated molecules were
program (Synergy Software, Reading, PA). The data were estimated using an energy function composed mainly of van
fit to successively more exponentials until no significant der Waals packing interactions, an implicit solvation model,
improvement iny? could be obtained; the association data hydrogen bonding, and statistical terms representing amino
fit well to a single exponential and a constant, whereas the acid-dependent conformational preferen@% 28). The best
dissociation data fit well to two exponentials and a constant. complexes were then selected based on the degree to which

In the SPR titration experiments, PLW or one of its their mutation(s) destabilized the target binding sitthout
mutants was passed over the BlAcore chip at various destabilizing the isolated PLW molecule. This protocol
concentrations for 600 s, followed by a dissociation phase identified A20R as particularly disruptive to site 1 binding,
monitored for 600 s. The long association time was used to and the V51W/G55R double mutation as particularly disrup-
ensure that the association had fully equilibrated. The tive to site 2 binding. These predictions were borne out by
amplitudes of the three dissociation phases were obtainedthe experimental data, although the structural interpretation
as in the standard SPR experiments, and were plotted versusf the V51W/G55R mutation remains uncertain, due to the
the concentration of PLW used in tlassociationphase. possibility of dimer formation.

In the time-lapse SPR experiments, PLW or one of its Computational Alanine Scanning of PL Binding to«g
mutants was passed over the BlAcore chip at various Light Chain.Starting from the crystal structure of the PEW
concentrations for various association tintefollowed by Ig « light chain complex 18), each nonalanyl, nonglycyl
a dissociation phase monitored for 500 s. Fitting of the three residue on PLW was replaced computationally by alanine.
dissociation phases was carried out as in the standard SPR he effect of each mutation on the free energy was evaluated
experiment. The amplitudes of the dissociation phases werefor the complex AGeompiey) @S Well as the unbound partners,
then plotted as a function of the initiaksociationtime t. PLW (AGpLw) and gk light chain AG,) (27). The change

Fluorescence TitratiorEquilibrium fluorescence measure-  in binding free energy upon alanine mutatid¥Gpinq; Table
ments were carried out in a Spex Fluorolog 2 spectrofluo- 3) was computed as
rimeter; excitation was at 280 nm and emission was measured
at 335 nm. All measurements were carried out in 50 mM AAGng= AGgompiex— AGpLw — AG
phosphate wnh 500 mM. Nal. Fc_)r each measurement, a O'SRESULTS AND DISCUSSION
or 0.9uM solution of Ig« light chain was mixed with various
concentrations of the F22W mutant of PLW and allowed to  Disruption of Sites 1 and 2 by Disulfide Dimerization and
incubate for at least 15 min prior to measurements. The Computational Redesigiio establish that neither site 1 nor
F22W mutant was used since this was the only mutant that?2 is solely responsible for PLWk binding, we sought to

K
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e S L B B mutations likely to disrupt the binding of sites 1 and 2, while

| [ aomux retaining the overall stability of the protein (see Methods).
| This protocol identified the A20R mutation as particularly

T disruptive of site 1, and the double mutation V51W/G55R
as particularly disruptive of site 2. These two mutants were
expressed and purified. As described below, the A20R
T mutations does disrupt site 1 binding while preserving site
2 binding. However, the V51W/G55R results could not be
readily interpreted, due to dimerization.

] Gel Filtration Analysis.To determine whether protein L
T . can bind twox chains in solution, we used gel filtration

Ficure 2: Gel filtration experiments on isolated kglight chain, chromatography to characterize PI:W complexes. We

PLW and its mutants A20R, A20C, and V51C. The two peaks at Cr0Ss-checked our results by running the mixtures over two

the far right represent the elution profiles of PLW and A20R (blue Separate Superdex 75 HR 10/30 analytical gel filtration

and green curves, respectively), and are consistent with monomericcolumns (Pharmacia). The results were consistent between
species. The middle two peaks represent the elution profiles of the hoth sets of experiments.

A20C and V51C mutants (magenta and dark green, respectively) . .
and are consistent with dimeric species. Finally, the two peaks at At 404M concentration, PLW and its three mutants V51C,

the far left represent the elution profiles of glight chain at 10 A20C, and A20R elute as single peaks (Figure 2); the
and 40uM (black and red curves, respectively); the major peak in  estimated molecular weights of the A20C and V51C mutants
both cases represents the monomeric light chain species, while 5. joyple those of the wild-type protein and A20R mutant
the minor red peak represents the dimeri lliight chain species. . . . ]

with no discernible peaks at the monomer molecular weight.
eliminate binding at each site. We prepared two different Therefore, it is reasonable to conclude that the A20C and
covalent dimers by the mutations A20C and V51C; since V51C mutants have indeed formed covalent dimers. Simi-
these residues occupy the center of the sites 1 and 2 (Figurdarly, at 40uM concentration, the chain elutes as two peaks,
1), covalent dimerization should eliminate binding to the a major peak and a minor peak at twice the molecular weight
respective binding sites. Nevertheless, both dimers shouldof the major peak (Figure 2, red curve). We assign these
be able to form high molecular weight aggregates with  peaks to the monomeric and dimeric formscpfvhich were
since each dimer of V51C and A20C should have two also observed using MALDI mass spectroscopy (data not
functional binding sites (sites 1 and 2, respectively). We also shown);« are known to form dimers30—32) with a K4 of
sought to eliminate the binding to a particular site without roughly 1uM (33). At 10 uM concentration, the: dimer
dimerization. A successful computational proteprotein peak is much reduced (Figure 2, black curve), indicating that
interface redesign protocoRT, 29) was used to identify  the dimers are noncovalent.
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Ficure 3: Gel filtration experiments on PLW and its mutants A20R, A20C, and V51C in the presence of excdighighain. The black

and blue curves represent the isolateahd PLW/mutant elution profiles, respectively (cf. Figure 3), whereas the red curve represents the
elution profile for a mixture of 4Q«M Ig « light chain with 10uM PLW (or its mutants). In all four cases, the monomeric PLW/mutant

peak disappears in the presence of excesslight chain, presumably forming complexes with theddight chain; a small shift in the Ig

« light chain monomer and dimer peaks toward heavier molecular weights is observed. At the same time, a high-molecular-weight complex
is observed for PLW, A20C, and V51C, but not for A20R. This is consistent with our model that the first three proteins can bind bivalently,
whereas the fourth cannot. Presumably, the light chain can bind PLW multivalently by forming dimers, or possibly through a second
(low-affinity) binding site.
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Ficure 4: Gel filtration experiments on Ig light chain in the presence of excess PLW or its mutants A20R, A20C, and V51C. Again, the
black and blue curves represent the isolated light chain and PLW/mutant elution profiles, respectively (cf. Figure 3), whereas the red
curve represents the elution profile for a mixture of A Ig « light chain with 40uM PLW (or its mutants). In all four cases, a 1:1
complex with the lge light chain is apparent. A high-molecular-weight complex is present in the elution profile for PLW, but not in those
of its three mutants, possibly reflecting a second (low-affinity) binding site for PLW on theligiht chain.

Chromatography of a solution containirgin a 4-fold binding of PLW and 75 single mutants (60 to alanine) that
excess over PLW (40:10M, respectively) yielded three  span nearly every residue of the protein.
discernible peaks corresponding to monomerieLW bound The possibility of multivalent binding of protein L and

to dimerick and large complexes running in the void volume suggests that the binding kinetics ofand PLW will be
of the column; the peak corresponding to isolated PLW was complex (i.e., multiexponential), as was indeed observed.
completely absent (Figure 3). The appearance of large-PLW dissociates fromr immobilized to the BlAcore chip
molecular-weight complexes indicate that PLW is binding in three phases (Figure 5a,b), denoted here as the fast phase,
multivalently tox. Similar elution profiles are observed for the slow phase, and the very slow phase. The fast and slow
the V51C and A20C covalent dimers (Figure 3), suggesting dissociation phases are exponential, with rates of ap-
that they too can bind te multivalently. By contrast, no  proximately 0.087 and 0.0063% respectively, under our
such complexes are observed for the A20R mutant, althoughconditions (Table 1); the rates are independent of the
A20R does bindc in a 1:1 complex (Figure 3), consistent association time and of the concentration of PLW flowing
with our design to eliminate the bivalent binding but retain over the chip during association. The fast dissociation rate
site 2 binding. agrees with that measured in earlier fluorescence experiments
Conversely, chromatography of a solution containing the (21). By contrast, the very SIOV.V dissociation phase is
A20R, A20C, or V51C mutant in a 4-fold excess over no_nexponentlal, and occurs on atime scale of _roughly hours

. . . . (Figure 5b). The nonexponential character of this phase could
(again 40:1Q«M, respectively) yielded three peaks that may o ; .
be assigned to the unbound mutant, and the mutant boundge partly due to contamination by baseline drift that cannot
to monomeric and dimerig (Figure 4) A fourth peak of e removed by double-referencirZf). The 75 PLW mutants

; ) . likewise exhibit triphasic dissociation from immobilized

molecular weight between the PLW mutant and monomeric i fast and slow rates (Table 1) that generally agree with
« can be discerned in some cases, and may correspond 10 afose of PLW. Three phases with similar rates are also
impurity, e.g., a degraded variant eincapable of binding  ,piained when PLW is passed over a chip decorated with
PLW. Finally, W|Id-.type PLW appears ca}pable of forming complete IgG (Figure 5c). The dissociation ef from
high-molecular-weight complexes even in the presence of immopilized PLW likewise exhibits fast, slow, and very slow
excess PLW; this may signal a second, low-affinity binding exponential phases with roughly similar rates (Figure 5d).
site onk, since thec dimer is poorly populated at 1M « These phases must correspondgpecifichinding, since no
concentration. Most importantly, these experiments show thatsych phase is observed with Aglight chains (Figure 5e),
all three PLW mutants are capable of bindinglespite the consistent with previous studies)(

disruptions of site 1 and 2. The gel filtration experiments and X-ray crystallography
Three SPR Dissociation Phasg&® probe the kinetics and  suggest that the kinetic complexity seen could be caused by
thermodynamics of binding, and to investigate the contribu- multivalent binding. Such kinetics are hard to analyze by
tions of amino acid side chains in protein L to the interaction global modeling since there are many possible species and
with «, we used surface plasmon resonance to study thea very large number of parameters describing their inter-
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Ficure5: (a) Typical SPR sensorgrams for the association of PLW
to « coupled to the BlAcore chip. The dissociation phase is triphasic.
The fast and slow apparent dissociation rates differ 10-fold (being
0.087 and 0.0063%, respectively), while the very slow dissociation
rate cannot be measured reliably. (b) Dissociation of PLW from
immobilized Ig« light chains measured over a very long time. The
very slow phase of dissociation cannot be fit to a single exponential.
(c) Typical SPR sensorgrams for the association of PLW to intact
IgG immobilized on the chip. (d) Typical SPR sensorgrams for
the reversed experiments, in which PLW is coupled to the chip
and g« light chain is in the flowing solution. (e) SPR sensorgrams
for the association of PLW to Ig light chains immobilized on the
chip; no specific binding is detected. Immobilization levels were
(a) 750 RU lg« light chains, (b) 2970 RU Ig light chains, (c)
5030 RU polyclonal IgG, (d) 504 RU PLW, and (e) 5550 RUllg

light chains.
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conversion (for example, for a bivalent complex, the model
has to allow for dissociation and reassociation at different
rates depending on the occupancy of the other site). We
instead present a more qualitative treatment aimed at
distinguishing between alternative classes of models and to
provide information about which amino acid side chains are
energetically important for binding. For brevity, we refer to
association and disassociation rates in the following; these
should be viewed as apparent or observed rates rather than
rate constants as they are obtained directly from exponential
fits of the data. The two disassociation rates, for example,
correspond to the coefficients of the two exponentials
obtained in the double exponential fits of the disassociation
traces, while the three amplitudes discussed below are those
associated with the two exponentials in the fit (“fast” and
“slow”) and with the very slow nonexponential phase.

The Multiple Dissociation Phases Do Not Result from
Heterogeneity of SPR AttachmeAtthough kinetic hetero-
geneity in SPR experiments often results from heterogeneous
attachment of the ligand to the BlAcore chip¥, this effect
does not account for the observed fast, slow, and very slow
phases. Dissociation phases with similar rates are observed
in the reversed experiments (i.e. xMinding to immobilized
PLW) and in PLW binding to immobilized intact IgG. They
are also observed when the V51C mutant is attached to the
chip by a biotin-maleimide method (data not shown). The
persistence of these kinetic phases despite different ligands
and different coupling methods indicates that the kinetic
heterogeneity is not caused by heterogeneity of the coupling
of the ligand to the BIAcore chip, but by the presence of at
least three kinetic species in the binding of PLW anih
solution @5).

SPR Ridence for Binding at Both Site€omparison of
sensorgrams for the binding of PLW and the mutants A20R,
A20C, and V51C tac indicate that both sites are capable of
binding (Figure 6). The A20C and V51C dimers associate
somewhat more slowly than PLW, but reach similar ampli-
tudes and exhibit all three dissociation phases. By contrast,
the A20R mutant exhibits a smaller amplitude for binding,
and its dissociation is dominated by the fast phase; the slow
and very slow phases are scarcely detectable. These observa-
tions demonstrate that both sites are capable of binding and
have similar affinities. This conclusion is supported by SPR,
radioimmunoassay and fluorescence binding studies of PLW
and 75 point mutants, as described below. These studies
demonstrate two binding-energy “hotspots” in the vicinity
of site 1 and 2, with the largest contributions coming from
Tyr34 (site 2) and Tyr36 (site 1).

Interpretation of Dissociation Phase®\ key step in
interpreting the BIAcore results is the identification of the
fast and slow dissociation phases with molecular dissociation
events. (The very slow phase is neglected in our analysis,
since its nonexponential character suggests that it is not
simple.) The simplest hypothesis is that the fast and slow
dissociations correspond to dissociations from sites 1 and 2.
If true, disruptive mutations in each binding site should
predominantly affect the corresponding dissociation rate.
Alternatively, the fast and slow dissociation phases could
correspond to monovalent and bivalent binding of protein L
with «; in this case, the fast phase would be a composite of
the dissociations from sites 1 and 2, and mutations in each
site would affect both dissociation rates. To discern these
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Table 1: Kinetics for the Interaction between Protein L ana lgght Chaing

apparent fast phase apparent fast phase
association apparent slow phase association apparent slow phase
rate dissociation apparent dissociation rate dissociation apparent dissociation

mutant (1P M~1s?) rate (s?) rate (s mutant  (1FM1s?) rate (s?) rate (s?)
PLW 1.1+ 0.13 0.087+ 0.011 0.0063t 0.00046 E32G 1.6 0.013  0.08k 0.0064 0.0065t 0.00106
E3A 0.75+ 0.16 0.079+ 0.0082 0.0063t 0.00057 E32I 0.7& 0.11 0.099+ 0.022 0.008GE 0.00193
V4A 0.84+0.16 0.10+ 0.012 0.0073t 0.0012 A33G 0.94+ 0.032 0.13+0.011 0.0088t 0.00053
T5A 0.94+0.13 0.092+ 0.0022 0.0069 0.00041 A33V 0.59- 0.016  0.079: 0.0009 0.0082t 0.00003
I6A 0.67+0.11 0.097+ 0.0088 0.0071 0.00069 Y34A 0.58t 0.049 0.13+ 0.013 0.0098t 0.0015
16V 0.81+0.087  0.098+ 0.0094 0.0069 0.00016 Y34H 0.66: 0.006  0.09% 0.0068 0.0082t 0.00004
K7A 0.66+ 0.17 0.099t 0.011 0.0064t+ 0.00015 A35G 1.6£ 0.036 0.10+ 0.016 0.0083t 0.0013
A8G 0.98+ 0.004  0.08Q+ 0.0037 0.0062t 0.00020 Y36A 0.18t 0.070 0.12+ 0.0025 0.02Gt 0.00177
N9A 0.79+ 0.054 0.114+ 0.0062 0.00772 0.00048 Y36F 0.66- 0.16 0.096+ 0.0095 0.0074t 0.00122
L10A 0.86+0.11 0.096+ 0.0067 0.0097 0.00096 A37G 0.9@- 0.002  0.078&: 0.0020 0.006GE 0.00037
111A 1.2+ 0.021  0.090Gt 0.013 0.0066+ 0.0012 D38A 1.1 0.016  0.077% 0.0038 0.0066t 0.00011
F12A 0.87+0.017  0.08Gt 0.0042 0.0069 0.00056 D38G 0.93 0.077 0.11+ 0.0054 0.0086t 0.00107
F12L 1.0+ 0.079  0.086+ 0.010 0.0069+ 0.00075 T39G 1.#0.036  0.084 0.0054 0.0065t 0.00033
A13P 0.87+0.021  0.082+ 0.0069 0.0076t 0.00052 L40A 0.94- 0.026  0.08Qk 0.0014 0.008% 0.00040
N14A 0.67+0.095  0.083+ 0.0004 0.0065t 0.00029 K41A 0.7H0.012  0.066+ 0.0020 0.0059 0.00032
G15A 0.58+0.021  0.08% 0.014 0.007H- 0.00080 K42A 0.7H0.032  0.078: 0.0038 0.0056t 0.00003
S16A 1.2+ 0.25 0.088+ 0.013 0.0068t 0.00069 N44A 0.7#0.018  0.075t 0.0071 0.0059 0.00067
T17A 0.90+ 0.040  0.089t 0.011 0.0068t 0.0013 G45A 1.1+ 0.012  0.072+ 0.0003 0.0066+ 0.00001
Q18A 0.48+ 0.001 0.10+ 0.013 0.01G+ 0.0012 E46A 1.6t 0.024 0.10+ 0.0006 0.0078t 0.00002
T19A 1.1+ 0.10 0.090t 0.0044 0.007@t 0.00029 WATY 3.2£0.24 0.10+ 0.0039 0.0077 0.00071
A20V 1.1+0.19 0.098+ 0.011 0.0096+ 0.00019 T48A 0.79-0.018  0.08%: 0.0005 0.0067 0.00007
A20G 0.89+0.11 0.088&t 0.0050 0.007H 0.00051 V49A 0.94+- 0.024  0.085+ 0.0075 0.0065t 0.00023
A20R 0.13+ 0.017 0.1+ 0.021 0.026+ 0.0036 D50A 0.89- 0.033  0.08Gt 0.0060 0.0062t 0.00075
A20C 0.22+0.060  0.075t 0.020 0.005H- 0.0014 V51A 0.59t 0.002 0.12+ 0.013 0.009H- 0.00035
E21A 1.0+ 0.037  0.079+ 0.0080 0.007GE 0.0012 V51C 0.19-0.087  0.047: 0.0046 0.0055 0.0014
F22A 0.544 0.080 0.11+ 0.023 0.0094t 0.00070 AB2G 0.880.022  0.089 0.0032 0.0074t 0.00053
F22L 0.81+0.11 0.097+ 0.0086 0.007GE 0.00057 D53A 0.76: 0.008  0.09Gt 0.0002 0.0057 0.00002
F22wW 0.37+£0.082  0.09% 0.025 0.0055+ 0.00023 K54A 0.86- 0.037  0.09H 0.0018 0.0073t 0.00031
K23A 1.1+0.012  0.09H 0.0072 0.0073t 0.0012 G55A 0.14-0.041  0.053t 0.0099 0.0057 0.00009
G24A 1.4+ 0.45 0.10+ 0.0044 0.0075t 0.00074 Y56A 0.88: 0.014  0.075:0.013 0.0069+ 0.00068
T25A 0.75+0.001  0.079+ 0.0033 0.0068t 0.00032 Y56L 0.6Gt 0.017  0.074+ 0.0085 0.0068t 0.00001
F26G 0.72+ 0.047 0.13+ 0.0002 0.0099 0.00045 T57A 1.3t 0.028 0.12+ 0.0033 0.009Gt 0.00009
F26L 0.79+ 0.087 0.12+0.014 0.0094t+ 0.00095 L58A 0.58: 0.028  0.092+ 0.0088 0.0075: 0.00118
E27A 0.43+0.054  0.085t 0.0026 0.0072t 0.00015 N59A 0.810.083  0.098t 0.0022 0.0077 0.00020
K28G 0.90+ 0.20 0.097+ 0.0098 0.0074t 0.00085 I60A 0.7H0.012  0.08H 0.0051 0.0074 0.00095
A29G 0.73+0.13 0.087+ 0.011 0.007Gt 0.00047 160V 1.2£0.020  0.095+ 0.0048 0.0082t 0.00070
T30A 0.614+0.065  0.034+ 0.0012 0.0072- 0.00077 K61A 0.95+ 0.014  0.095+ 0.0027 0.0076: 0.00099
S31A 1.0+ 0.17 0.11+ 0.016 0.0082+ 0.00111 F62V 0.8@0.10 0.11+ 0.011 0.0082+ 0.00011
S31G 0.7+ 0.027  0.083t 0.012 0.0074t 0.00063 F62L 1.6 0.098  0.089t 0.0086 0.0064t 0.00055

a Apparent association and dissociation rates as measured by SPR. Values given ate &izgm= 2—9).

possibilities, we carried out SPR experiments on all 75 of 0.119 s, respectively) but exceptionally high rates for the
our point mutants. The fast and slow phases are correlatedslow phase (0.026 and 0.020'srespectively). We interpret

in most mutants (Figure 7a); linear regression leads to thethis observation as indicating that bivalent binding has been
equationAAGy .o, = 0.85AAGL; ., WhereAGY; repre- weakened drastically in these two mutants. Similarly, the
sents the activation free energy for dissociation. It is unlikely site 2 mutants T30A and G55A have normal rates for the
that this correlation is due to fitting artifacts, given the slow phase (0.007 and 0.006'srespectively) but unusually
roughly 10-fold difference in the fast and slow rates (Table low rates for the fast phase (0.034 and 0.053 sespec-

1). The changeAAG, are not correlated with the confor- tively).

mational destabilizatiodAG],,, caused by these mutations Effects of Mutations on Association as Measured by SPR.
(24), and furthermore, the structures of several protein L In contrast to the dissociation, the association of PLW to
variants have also been determined by X-ray crystallographyimmobilized « is dominated by a single-exponential phase
and no large differences have been seen between the differentrigure 5a). For PLW, the rate of this single association phase
variants (0, 18—20). Hence, the observation that mutations js 1.1 x 10° M~! s~ under our conditions (Table 1). In
in both binding sites affecboth dissociation rates suggests general, the association rates for the 75 mutants are similar,
that the second hypothesis is correct, i.e., that the fast andyith a mean and standard deviation of 0820.24 x 10f
slow phases correspond to monovalent and bivalent bindingn -1 s-1 (Table 1). However, the A20R, Y36A, and G55A
of PLW to « and that the fast phase is composite. mutants all have significantly lower association rates (0.13,
Four outliers of the overall correlation in the fast and slow 0.18, and 0.14 10° M~ s™%, respectively; Table 1, Figure
dissociation rate are worth noting (Figure 7a). The A20R 7b,c), consistent with our above interpretation that these
mutant (which appears to have abolished site 1 binding while mutations disrupt binding at either site 1 (A20R and Y36A)
preserving site 2 binding) and another site 1 mutant Y36A or site 2 (G55A). The adjacent site 1 mutants Q18A and
exhibit slightly elevated rates for the fast phase (0.107 and F22W and the site 2 mutant E27A also lower the association
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Ficure 6: (a—d) BlAcore sensorgrams for PLW and its mutants %" ok s;.‘?? *
A20R, A20C, and V51C. The data indicate that the mutants binds X * 2 N
to Ig « light chain, despite the disruptions of sites 1 and 2. The ED Foow OO
affinities of the two sites appear comparable, although site 1 may 2
have slightly higher affinity than site 2, judging from the sensor- 4
grams for V51C and A20C, respectively. -0.35 1 ) ) )
-1 0.5 0 0.5 1 15
rate significantly (0.48, 0.34, and 0.48 10° M~1 s, AAG* k_ (kcal/mol)
on

respectively) but not by more than two standard deviations ) _ o
(Table 1, Figure 7b,c). Similarly, the site 1 mutant G24A Ficure 7: Effects of mutations on the two apparent dissociation
and the site 2 (revertant) mutant WA47kicrease the ratesKsiisiow and Kot ast and the apparent association rédg for
association rate by more than two standard deviations (Table”-W,binding to g« light chain. (a) Plot ofAAG,q, Versus

1, Figure 7b,c). AAGy s Mutations causecorrelated changes in the two dis-

SPR Kinetic Titrations.To estimate the dissociation ~SOCiation rate constanigsow andkoses. Four outlier mutations
constants for the monovalent and bivalent binding modes can be noted; the A20R and Y36A mutants have exceptionally high

. . Kott siow Values but normako rast Values, whereas the T30A and
we plotted the m_ax_lmal amplitudes of the fast, slow, .and G55A mutants have exceptionally lokys st Values but normal
very slow dissociation phases (measured after 10 min of Kottsow values. (b,c) Plots OfAAG!

1O ¢ . fth : ! . off fast VEISUS AAGfm and
assouann) as a function of the proteln L concentration in AAszf,slow versusAAGfm respectively. Mutations causacorre-

solution during the association period. The three phases formjateq changes itk and the two apparent dissociation rates. Three
three distinct titration curves of roughly 900, 17, and 5 "M ¢ the four dissociation-rate outlier mutants (A20R, Y36A, and
equilibrium dissociation constant<), respectively (Figure  G55A) are also outliers in the association rate; only the T30A
8a,b). The midpoints of these transitions are reproducible mutant has a normal association rate. Other mutations in site 1
for different BlAcore chips and do not depend on the (Q18A, F22W, G24A) and in site 2 (E27A, W47Y) cause significant
preparation of the chip. However, the relative amplitudes of changes in the association rate as well. ’®G* values were

the titration curves at saturating PLW concentrations vary calculated using the apparent rates.
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Table 2: Equilibrium Dissociation Constants Estimated from SPR of «. This is consistent with the hypothesis that the slow

Titrations phases result from the binding of multiptdo a single PLW
AAG Ko AAG Ko AAG moIecu_Ie since a higher den§|ty pfon th_e surface gives
Kp (fast)  (fast)  (slow) (slow) (v-slow) (v-slow) more sites where PLW can bind to multipte
nM__ kcallmol nM _ kcal/fmol —nM  kcal/mol Kinetic titration experiments were also carried out for the
PLW 900 0.0 17 0.0 4.9 0.0 site 1 mutants Q18A, A20R, F22A, and Y36A as well as
Q18A 720 —0.13 21 +0.13 88 +1.71 ;
A20R 630 021 335 4178 551 1580 for the site 2 mutants F26L, E27A, T30A, Y34A, and V51A.
F22A 2300 4055 66 +082 472 1271 T_hg total saturation _amplltudes of these mutant titrations were
F26L 2200  +0.53 30 +0.35 92 +1.73 similar to the PLW titration carried out on the same BlAcore
Eggz Zgg *g-gi‘ %g ;8'%2 ;‘51 +8-§g chip. The effects of the mutations can therefore be character-
Y34A 1800 4041 192 4145 371 1256 ized by the shift in the equilibrium dissociation constants of
Y36A 940 +0.03 170 +1.37 488 +2.73 the three phases (Table 2). The fast-phase titration is
V51A 1200  +0.17 28  +0.30 38 +1.21 relatively insensitive to mutation; the largest effects (roughly
aValues are mean values from at least two experiments. Bold-face 2-fold changes irKp) are observed for the site 1 mutation
type indicates changes in binding free energy over 1.0 kcal/mol. F22A and the site 2 mutations F26L, T30A, and Y34A. The
slow phase is much more sensitive to mutations, witi2@-
500 fold increases ip for the site 1 mutants A20R, F22A, and

Y36A and a 10-fold increase iKp for the site 2 mutant
Y34A. The very slow phase is even more sensitive to
mutation, with 26-140-fold increases ifp for the site 1
mutants Q18A, A20R, F22A, and Y36A and-2520- fold
increases inKp for the site 2 mutants F26L, Y34A, and

8

200 V51A. The site 2 mutations E27A and T30A had little effect
i on any of the titrations. The change in binding free energy
F& AAG of the fast phase is not correlated with those of the

400 |

300

Amplitude (RU)

100 |- slow and very slow phases; by contrast, the change in binding
free energyAAG of the slow phase is significantly correlated
with that of the very slow phase. These observations are
likewise consistent with the hypothesis that the slow phases
result from the binding of multiplec to a single PLW
400 molecule, whereas the fast phase is a composite of site 1
and site 2 binding.

The SPR Titration Data Eliminate the Sequential Model
of PLW~V, Binding. A sequential model Y+ PLW < C1
< C2 has been used to describe the kinetics of PLWY
binding 1, 23); here, C1 and C2 represent two forms of
the PLW-V, complex. This model is a special case of the
general three-species model

V,+PLWe C1

0 200 400 600 800 1000 1200
Time (s)

350
300
250
200
150

Amplitude (RU)

100

V,+PLWe C2

10° 10 107 10 10°  0.0001 0.001 CleC2

Concentration (M)
FIGURE 8: SPR kinetic titration curves. (a) Typical sensorgrams 1NiS ger_leral model_can also represent the binding _Of PLW
for the SPR kinetic titration experiments. The association phase is at two sites (e.g., with each edge of fissheet) to a single
allowed to come to equilibrium for different concentrations of PLW  binding site on V, with the optional complication that the
(15 nM to 100uM) in the running buffer; the amplitudes of the 4,0 types of complexes may interconvert without the

subsequent fast, slow, and very slow dissociation phases are then,. o
plotted versus PLW concentration in panel b. (b) Two titrations Tissociation of PLW. Although such models do produce

for PLW carried out on different BIAcore chips. The fast (triangles), Multiple exponential phase8%), no such three-species model
slow (circles), and very slow (diamonds) phases from two experi- can account for the kinetic heterogeneity oh&sf in our
ments are shown with open and closed symbols. The open symbolsexperiments (i.e., the fast, slow, anery slow dissociation
correspond to the experiment shown in panel a. PLW appear 10 5h45e5) The reason for this failure is that all such models
titrate with equilibrium dissociation constants of roughly 900, 17, . . e .
and 5 nM for the fast, slow, and very slow phases, respectively pre@ct that th? r.atlo .of.the equilibrium amplitudes Of, the
(Table 2). Themidpointsof the transitions do not vary with the ~ various dissociations is independent of the concentration of
BlAcore chip, but theamplitudesdepend on the density of Ig PLW in the flowing solution during the association phase.
light chains on the chip. This is contradicted by the observation that these equilibrium
amplitudes follow independent titration curves (Figure 8b).
significantly between different chips; a chip decorated with Moreover, since the dissociation constatgsof the titration
a lower density ok has higher saturation amplitude of the curves differ roughly 50-fold (Figure 8b), the putative weak-
fast phase relative to those of the slow and very slow phasespinding site on PLW should be populated much less than
when compared to a chip decorated with a greater densitythe strong-binding site if they competed for a single binding
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Ficure9: Sensorgram for a typical time-lapse experiment for PLW
binding to Ig« light chains. 75 nM PLW was flowed over the Ig

« light chain surface and the association was interrupted at various
times (6-480 s).

Inhibition (%)

site on L. This is contrary to the SPR titration data showing
that the saturation amplitude of the fast dissociation phase
is much larger than those of the slow and very slow
dissociation phases (Figure 8b). Therefore, neither the
sequential model nor the two-independent-binding-sites
model can account for the three dissociation phases. This is
consistent with our arguments that the phases differ in being
monovalent or multivalent.

SPR Time Laps ExperimenfBo investigate the rate at
which the fast disassociating species is converted to the two
slowly disassociating species, we carried out time-lapse
experiments using SPR (Figure 9). As expected, the ampli-
tudes of all three dissociation phases increase with the
association time. However, for association times above 200 A
s, the fast-phase amplitude decreases with increasing as- , C N
sociation time, with a corresponding increase in the very slow S
phase amplitude (Supporting Information, Figure 1). This
effect is observed at all concentrations of PLW in the flowing
solution, in both PLW and all mutants tested. If this change
in the relative amplitudes of the fast and slow/very slow
phases were due to a conformational change, the ratio of
the amplitudes at a given time point should be independent
of protein concentration (the conversion in this case is a first-
order process). However, the ratio of the amplitudes is
observed to be concentration dependent. The simplest
interpretation is that monomeric complexes are being con- 0 L L L L L
verted to higher-order complexes on the chip, and that the 0 210° 410° 610° 810° 110° 1210°
fast phase corresponds to monovalently bound complexes, Concentration F22W (M)

while the slow phases correspond to multivalently bound Ficure 10: (a) Unlabeled PLW and various site 1 PLW mutants
complexes. were used to inhibit the binding ot?-PLW to Ig « light chains
. . immobilized in a microtiter plate. (b) Unlabeled PLW and various
Fluorescence and Radioimmunoassay Experiméiits. site 2 PLW mutants were used to inhibit the binding B-PLW
binding titrations of PLW andc were also monitored by  to Ig « light chains immobilized in microtiter plates. (c) Fluores-

fluorescence and radioimmunoassays. The radioimmunoascence binding assay for the F22W mutant and ligght chain.

says show that fully half of the saturation amount of PLW

is bound already at 2 nM of free PLW (Figure 10a). The binding to polyclonal IgG (data not shown). The IgG data
ability of several mutants to inhibit the binding of PLW to agreed with the SPR and radioimmunoassay experiments
immobilized« or intact IgG was also tested by radioimmu- Carried out onc.

noassay (Figure 10a,b). By this criterion, the site 2 T30A  The fluorescence titration of the F22W mutant shows a
mutation appears to strengthen the binding, whereas thesingle titration ofKp of 218 nM (Figure 10c), which is
mutations F26L, Q18A, F22A, Y34A, and Y36A appear to consistent with the equilibrium dissociation constants mea-
weaken the binding in increasing order. This order agreessured by fluorescence in earlier studi€4,(23) and with
with the AAG values obtained from the SPR kinetic titrations those estimated in the BlAcore titrations for monovalent
(Table 2), except that the F26L mutation weakens the binding binding (Table 2), respectively. This supports our model that
more than the Q18A mutation, judging from tha\G values. wild-type protein L binds bivalently (with a low nM
Similarly, some mutants were tested for their ability to inhibit dissociation constant), whereas mutants in which site 1 or

6-10*

410* | s

310° | A

210* }

Fluorescence difference

110* |
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Table 3: Computational Alanine Scanning

Table 4: Relative Contributions of Side ChaiSide Chain (sc-sc),
Side Chair-Main Chain (sc-mc) and Main ChaitMain Chain

mutation AAG (kcal mor™) (mc-mc) Hydrogen Bonds to the Total Number of Hydrogen Bonds
E3A —0.29 Found in the Interface
}I'/g: ?)8(1) PpL — Ig « light chain interface

I6A 0.01 site 1 site 2 generic interface average
K7A 0.10 sc-sc 0.17 0.12 0.36
VBAT(A) 0.00 sc-mc 0.33 0.50 0.40

N9A —-0.16

L10A 0.13 mc-mc 0.50 0.38 0.24

111A 0.00 a As identified by Graille et al., 200118). ® Taken from Lo Conte
F12A —0.04 et al., 1999 44).

D14A*(N) —-0.01

ﬁﬁ%éﬁ) _8:32 crystallographically do not affect binding (Table 3). With
Q18A 1.84 the exception of the E27A and D38A mutants, these
T19A 0.00 computational predictions agree with the experimental data
E21A 0.37 for AAG (Tables 1 and 2). Taken together, our experimental
Eggﬁ égg and computational results provide strong evidence that PLW
T25A 0.00 binds« primarily at the two crystallographic sites.

F26A 2.18

E27A 1.48 CONCLUSIONS

E28A*(K) 0.00
T30A 0.28 Our experimental and computational studies indicate that
A3LA*(S) PLW binds with significant affinity tac atbothof its binding
\E(giﬁ g'jf sites identified in the crystal structur&g). The ability of
R35A%(A) 112 PLW to bind with both edges of i{f8-sheet is also observed
Y36A 2.72 in its own crystal structurelQ) and in structures of the
D38A 1.72 corresponding domain in protein G&-40). Such ambi-
L39AX(T) 0.56 dextrous binding of PLW renders it relatively robust against
;ﬂﬁ*(K) 0.22 mutations (Tables 1 and 2), since the elimination of one
KA2A 0.00 binding site by a sufficiently destabilizing mutation leaves
V43A 0.15 another binding site intact. In contrast to previous suggestions
N44A 0.01 (41), our data suggest that the affinity of site 2 fois only
E46A* —0.01 slightly less than that of site 2P).

}(jg’,i W) %274 The primary “hot spots” for PLWe binding are the two
A49AX(V) 0.00 tyrosines Tyr34 and Tyr36, which belong to sites 2 and 1,
D50A 0.10 respectively (Figure 1a,b). Tyrosines have been implicated
Ié5512':i((x)) %%ﬂ; in “hot spots” of other proteirprotein complexesA@), e.g.,
D53A 0.00 Tyr43_4 and Tyr437 of n_bonucle_ase mhlbltor complexed
N5GA*(Y) 0.05 with ribonuclease 43). It is also interesting to note that
H57A%(T) —0.01 the keyp-strand in \, that binds to both sites in PLW is
M58A*(L) 0.05 very rich in serines (Ser7, Ser9, Serl0, Serl2, Ser14), which
N59A 0.00 form numerous intermolecular hydrogen bonds)( In
:<6ng _8'82 particular, Ser9 is replaced by leucine i;VYwhich may

a Predicted binding-energy hotspots are indicated in bold-face type.

Sequence differences between the B1 domain of our protein L construct

and that found in the crystal structurE8j are indicated by an asterisk,

where the residue of our protein L construct is given in parentheses.

site 2 binding is disrupted bind monovalently with high
nanomolar affinities.
Agreement with Computational Alanine-Scanning Mu-

partly account for the lack of affinity between PLW ang,V
domains.

In general, the effects of PLW mutations on PLV-
binding are smaller than those observed in other pretein
protein complexes studied by alanine-scanning mutagenesis
(42). Moreover, comparatively few residues of PLW affect
the binding significantly when they are replaced by alanines.
This is consistent with the unusually high percentage of main

tagenesisAs described above, several experimental probes chain interactions in the PLWk interfaces (Table 4), which

implicate the same amino acid side chains (Q18, F22, F26,

Y34, Y36, V51) as contributing most strongly to the binding
of PLW andk. These results are consistent with computa-
tional estimates of thAAG for these mutants (see Methods).
Computational alanine scanning of all nonalanyl, nonglycyl

may account in part for the ability of protein L to bind to
V, from many different specied ). The functional require-
ment of binding diversex sequences favor backbone
hydrogen bonding, rather than specific side chain interactions,
in the binding site. Ambidextrous binding of the BB5

residues in PLW identifies the side chains of Q18, F22, F26, domains yields 10 binding sites in naturally occurring protein
E27, Y34, Y36, D38, and V51 as binding-energy hotspots, L, thus ensuring avid binding despite the lack of numerous,
whereas mutations outside of the binding sites identified strong side chainside chain interactions.
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