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Abstract

Immunoglobulins of human heavy chain subgroup III have a binding site forStaphylococcalprotein A on the heavy
chain variable domain~VH!, in addition to the well-known binding site on the Fc portion of the antibody. Thermo-
dynamic characterization of this binding event and localization of the Fv-binding site on a domain of protein A is
described. Isothermal titration calorimetry~ITC! was used to characterize the interaction between protein A or fragments
of protein A and variants of the hu4D5 antibody Fab fragment. Analysis of binding isotherms obtained for titration of
hu4D5 Fab with intact protein A suggests that 3–4 of the five immunoglobulin binding domains of full length protein
A can bind simultaneously to Fab with aKa of 5.56 0.53 105 M21. A synthetic single immunoglobulin binding domain,
Z-domain, does not bind appreciably to hu4D5 Fab, but both the E and D domains are functional for hu4D5 Fab binding.
Thermodynamic parameters for titration of the E-domain with hu4D5 Fab aren5 1.06 0.1,Ka 5 2.06 0.33 105 M21,
andDH 5 27.16 0.4 kcal mol21. Similar binding thermodynamics are obtained for titration of the isolatedVH domain
with E-domain indicating that the E-domain binding site on Fab resides withinVH. E-domain binding to an IgG1 Fc
yields a higher affinity interaction with thermodynamic parametersn 5 2.2 6 0.1, Ka . 1.0 3 107 M21, andDH 5
224.66 0.6 kcal mol21. Fc does not compete with Fab for binding to E-domain indicating that the two antibody
fragments bind to different sites. Amide1H and15N resonances that undergo large changes in NMR chemical shift upon
Fv binding map to a surface defined by helix-2 and helix-3 of E-domain, distinct from the Fc-binding site observed in
the crystal structure of the B-domain0Fc complex. The Fv-binding region contains negatively charged residues and a
small hydrophobic patch which complements the basic surface of the region of theVH domain implicated previously in
protein A binding.
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Staphylococcal protein A is a component of the cell surface of
Staphylococcus aureus. The biological role of protein A is not
understood fully, although it is secreted by nearly all clinical iso-
lates of S. aureusand is thought to enhance pathogenicity~for
review see Langone, 1982; Silverman, 1998; and references therein!.
Protein A interacts with antibodies through two distinct binding
events: the “classical” binding site on the Fc portion of human
IgG1, IgG2, and IgG4, and the “alternate” binding site found on
the Fab portion of human IgG, IgM, IgA, and IgE that contain
heavy chains of theVH3 subfamily. Protein A has long been studied
for its properties as a valuable immunological tool and more re-
cently for its ability to act as a B cell superantigen by cross-linking

IgM molecules throughVH3-mediated binding~Romagnani et al.,
1982!.

Protein A is a 42 kDa protein containing five homologous
;58 residue immunoglobulin~Ig!-binding domains followed by
a C-terminal region necessary for cell wall attachment. The Ig-
binding domains are designated E, D, A, B, and C~in order from
the N-terminus! and share 65–90% amino acid sequence identity.
The domains were named based on the order in which they were
discovered: A-, B-, and C-domains were initially identified as pro-
teolytically stable modules~Hjelm et al., 1975; Sjödahl, 1976!;
D-domain was identified using modified digestion conditions
~Sjödahl, 1977a, 1977b!, and finally E-domain was recognized as
an additional homologous Ig-binding domain when partial and
complete cDNA clones were identified~Löfdahl et al., 1983; Uhlén
et al., 1984; Moks et al., 1986!.

NMR structures of isolated B-, E-, and Z-domains~a B-domain
mutant; Nilsson et al., 1987! reveal that the individual modules are
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composed of three-helix bundle structures~Gouda et al., 1992;
Tashiro & Montelione, 1995; Starovasnik et al., 1996; Tashiro
et al., 1997!. Residues from the first two helices are important for
Fc binding ~Cedergren et al., 1993; Jendeberg et al., 1995! and
were shown to make contact with Fc in the B-domain0Fc crystal
structure~Deisenhofer, 1981!. Furthermore, a minimized protein A
domain variant containing only the first two helices indicates that
this region is not only necessary, but sufficient for high affinity Fc
binding ~Braisted & Wells, 1996; Starovasnik et al., 1997!.

Less is known about the protein A0VH3 interaction, however
recently, all five protein A domains were shown to be capable of
Fab binding with association constants of 2–143 106 M21 ~Roben
et al., 1995; Jansson et al., 1998!. Fab and Fc are noncompetitive
for binding to the isolated D-domain~Roben et al., 1995!, but the
specific area on a protein A domain that interacts withVH3 has not
been determined. On theVH3 side of the interaction, framework
regions 1 and 3 and a portion of complementarity determining
region 2 have been implicated as regions that interact with protein
A based on swap mutations~Randen et al., 1993; Potter et al.,
1996!. Framework regions 1 and 3 of an isolatedVH3 domain were
shown to be involved in protein A binding as monitored by NMR
spectroscopy~Riechmann & Davies, 1995!.

We report thermodynamic characterization of the interaction
between protein A and the variable region of IgG. Complexes
formed using full length protein A, a two domain E–D fragment,
and the individual E-domain were investigated. Furthermore, the
Fv binding site on the E-domain was localized by NMR chemical
shift mapping.

Results

Thermal denaturation of protein A fragments

The stabilities of E-domain and the E–D two domain fragment of
protein A were determined by differential scanning calorimetry
~DSC!. As shown in Figure 1A, E-domain is fairly unstable, ex-
hibiting a melting temperature~Tm! of 438C at pH 5.0. Similar
transitions were obtained upon consecutive heating cycles, indi-
cating that denaturation is reversible, although the protein solution
was turbid upon removal from the calorimeter cell. Melting of
E-domain is not adequately described by a two-state model since
DHcal0DHVH is ,1. A DHVH that is larger thanDHcal is consistent
with oligomerization upon unfolding~Privalov, 1979!. A similar
Tm was determined by thermal denaturation monitored by changes
in ellipticity at 222 nm ~data not shown!. The low stability of
E-domain limits the temperature range for binding measurements
to ambient and below.

A single, broad transition having aTm of 51.58C was observed
for thermal denaturation of the E–D fragment as shown in Fig-
ure 1B. Like E-domain, denaturation of this fragment was found to
be reversible. A similar broad transition was also detected by el-
lipticity measurements at 222 nm~data not shown!. As for E-domain,
the E–D fragment did not display two-state unfolding. Analysis of
the transition with a non-two-state model yielded aDHVH that was
smaller thanDHcal suggesting the presence of folding intermedi-
ates. These results are consistent with a model whereby D-domain
is slightly more stable than E-domain, and the two domains fold
independently without strong interdomain interactions. Folding in-
termediates would thus consist of molecules having one domain
folded and the other unfolded. No evidence was obtained for ag-
gregation of the thermally denatured E–D fragment.

Calorimetric measurement of protein A binding to antibody

Titration experiments with the two immunoglobulin binding do-
main fragment of protein A~E–D! are used to illustrate typical
calorimetric data for binding to either hu4D5 Fab~Fig. 2A! or the
intact antibody~Fig. 2B!. In these experiments, the antibody so-
lution was put in the calorimeter cell and titrated with a concen-
trated solution of protein A fragment. Binding to hu4D5 Fab can
be described by a single class of binding sites model withn 5
0.5 6 0.1, Ka 5 2.7 6 0.5 3 105 M21, andDH 5 214.16 1.3
kcal mol21. A value of 0.5 forn suggests that both the E- and
D-domains are functional for Fab binding simultaneously. Differ-
ences in Fab binding affinity between the two domains or evidence
for cooperativity in binding are not detected by calorimetry sug-
gesting that these are equivalent, noninteracting sites. As shown in
Table 1, similar experiments with the isolated E-domain support

A

B

Fig. 1. Thermal stability of~A! E-domain and~B! E–D fragments of pro-
tein A. DSC was performed on protein solutions containing 50 mM sodium
acetate, pH 5.0 at a heating rate of 18C0min. The solid lines are the
observed melting curves corrected for the baseline heat capacity and nor-
malized to the amount of protein in the calorimeter cell~0.9 mM E-domain,
0.6 mM E–D!. Dashed lines represent nonlinear least-squares analysis of
the transitions using a non-two-state model yielding thermodynamic pa-
rametersTm 5 43.08C, DHcal 5 33 kcal mol21 andDHVH 5 42 kcal mol21

for E-domain, andTm5 51.58C, DHcal 5 48.5 andDHVH 5 29.3 kcal mol21

for the E–D fragment.
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this conclusion. TheDH for E-domain binding is half that mea-
sured for titration of Fab with E–D~27.1 compared with214.1
kcal mol21, respectively! as expected for equivalent, noninteract-
ing sites. The affinity of E-domain for binding to the isolatedVH

domain was within two-fold of that measured for Fab binding
~Table 1! indicating that the E-domain binding site resides solely
on VH. The more exothermicDH of binding observed for theVH

domain relative to the Fab~212.6 and27.1 kcal mol21, respec-
tively! may reflect the oligomerization state ofVH. At the concen-
trations used in the calorimetry experiments~34 mM !, VH is an
equilibrium mixture of monomer and dimer~R.F. Kelley, unpubl.
results!. E-domain binding could perturb this equilibrium such that
a portion of theDH measured for binding is contributed byVH

association.
Binding of hu4D5 Fab to intact protein A can also be described

by a single class of binding sites having aKa comparable to that

measured for E–D or E-domain binding. Protein A appears to have
3–4 binding sites for Fab with the averageDH somewhat larger
than measured for E-domain binding. Binding experiments with
full length protein A tended to give larger standard errors which we
believe reflects the heterogeneity of the protein A preparation.

In contrast to results with E-domain, no binding to Fab was
observed for Z-domain. Z-domain was competent for Fc binding as
shown by titration experiments with ch4D5 MAb~Table 1!. Since
Fab fragments made from ch4D5 MAb cannot be purified on pro-
tein A-Sepharose~Kelley et al., 1992!, this MAb ~IgG1! does not
appear to have a protein A binding site onVH. Thus, the measured
parameters for Z-domain interaction with ch4D5 MAb are pre-
sumed to reflect Fc binding. E-domain binding to Fc was deter-
mined by titrating an immunoadhesin~Capon et al., 1989! having
the TNF receptor extracellular domain fused to the same human
IgG1 Fc present in ch4D5 MAb. TheDH values measured for Z-
and E-domain binding to Fc are nearly identical, but a slightly
larger binding constant was determined for E-domain compared
with Z-domain binding to Fc. E-domain binding to TNFR-IgG
gave a stoichiometry of 2.2 suggesting that both potential sites on
the symmetrical Fc are functional in binding. Z-domain binding to
ch4D5 MAb gave a smaller value forn, which most likely reflects
errors in the concentration determination for ch4D5 MAb.

E-domain binding to the Fc fragment appears to be at least
50-fold higher affinity than the interaction of E-domain with the
Fab fragment. TheDG calculated from the binding constant for
E-domain binding to Fab is27.3 kcal mol21, which indicates that
the entropy change for this process is about zero~DH is 27.1
kcal mol21!. By comparison, aDG of 29.6 kcal mol21 is calcu-
lated for E-domain binding to Fc by assuming aKa of 13 107 M21

~consistent with the value obtained by BIAcore measurements;
Starovasnik et al., 1996!. Since theDH of binding is 224.6
kcal mol21, this implies a large and unfavorableDS ~2TDS 5
15 kcal mol21 at 25.58C; DS5 250 cal K21 mol21! upon bind-
ing. This thermodynamic comparison suggests that there are fun-
damental differences in the mechanism of E-domain binding to
Fab and Fc sites.

Titration of hu4D5 MAb with the E–D fragment of protein A
~Fig. 2B! gave a large, exothermicDH and an affinity that was too
great to determine by calorimetry. Upon removal from the calo-
rimeter cell, the MAb0E–D mixture was noticeably turbid. hu4D5
MAb has four potential protein A binding sites: one on each Fab
arm and two on the Fc portion. Surprisingly, the calorimetric titra-
tion yielded a stoichiometry of 1.0. Given the apparent aggregation
of the MAb0E–D complex, it seems likely that the E–D fragment
can crosslink IgG molecules which may prevent full occupancy of
all the binding sites.

Competition between Fab and Fc for E-domain binding

To determine whether Fab and Fc bind to overlapping sites on
E-domain, two kinds of competition experiments were performed.
In the first experiment, affinity chromatography on IgG-Sepharose
was employed to assess competition. Addition of a 10-fold molar
excess of Fab did not inhibit binding of E-domain to a column of
IgG-Sepharose~data not shown!. Indeed, after washing off un-
bound material, Fab coeluted with E-domain upon treatment of the
column with 0.1 M glycine-HCL, pH 3. Control experiments showed
that Fab did not bind to the IgG-Sepharose column in the absence
of E-domain. No binding of Fab to the IgG-Sepharose column was
observed in the presence of Z-domain, which does not bind hu4D5

A

B

Fig. 2. Titration calorimetric measurement of E–D binding to hu4D5
~A! Fab and~B! antibody. See Materials and methods for details.
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Fab. These results suggest that E-domain can bind simultaneously
to Fab and Fc sites.

In the second experiment, the binding of Fab to E-domain in the
presence of an excess of TNFR-IgG was determined by calorim-
etry. This experiment employed a twofold excess of Fc binding
sites over E-domain. As shown in Table 1, nearly identical binding
parameters are obtained for Fab binding to E-domain whether in
the presence or absence of TNFR-IgG. Since the affinity of E-domain
for Fc is greater than for Fab, a much reduced binding constant
should have been observed in this experiment if the binding sites
for Fab and Fc were overlapping. Instead this result indicates that
the binding sites involve distinct sets of residues that are suffi-
ciently separated to allow binding of both Fab and Fc.

NMR chemical shift mapping of the
Fv binding site on E-domain

Comparison of resonance frequencies in free and bound states has
been used previously to identify protein–protein interaction sites
~Chen et al., 1993; van Nuland et al., 1993!. The chemical shift of
a nucleus is highly sensitive to its local electronic environment,
thus when residues on the surface of a protein come in contact with
a binding partner they typically experience a change in chemical
shift. Chemical shift changes result directly from contact with the
binding partner or indirectly from conformational changes associ-
ated with the binding event~Foster et al., 1998!. In general, the
area described by chemical shift mapping is larger than the region

directly in contact due to the fact that residues on the periphery of
a binding site experience a change in local environment induced by
neighboring contact residues~Spitzfaden et al., 1992!. This tech-
nique has been used previously to identify the areas onStrepto-
coccalprotein G that interact with Fc~Gronenborn & Clore, 1993!
and Fab~Lian et al., 1994! fragments and to define the region on
a VH3 domain that interacts with protein A domains A–B~Riech-
mann & Davies, 1995!.

15N-labeled E-domain was titrated with unlabeled Fv fragment
from hu4D5 to identify which residues of E-domain have chemical
shifts that are perturbed upon binding. The Fv fragment was cho-
sen for this experiment because the E-domain0Fab complex would
be less amenable to NMR structural analysis. Although the binding
site is contained solely within theVH chain ~Table 1!, the VH0VL

heterodimer~Fv fragment! was used in these experiments due to
the poor solubility and aggregation ofVH alone. Figure 3 shows a
segment of the E-domain HSQC spectrum with differing amounts
of unlabeled Fv present. When there is a less than stoichiometric
amount of Fv present, two sets of E-domain peaks are observed
representing free and bound forms of E-domain in slow exchange.
The new~bound! peaks are significantly broader than the initial
peaks. No “free” peaks are observed after a 1:1 ratio of E-domain:Fv
is obtained, although the linewidths of the “bound” peaks continue
to narrow with the addition of excess Fv. Slow exchange behavior
is observed even for nuclei where the frequencies of the free and
bound peaks differ by less than 5 Hz, indicating that the lifetime of
the bound state is.200 ms.

Table 1. Thermodynamic parameters for protein A binding to hu4D5 antibodya

Protein Titrant n Ka 3 1025 M21
DH

~kcal mol21!

Experiments with full length protein A b

8 mM hu4D5 Fabc 119 mM protein A 0.266 0.02 1.06 0.1 240.96 4.3
8 mM protein A 571mM hu4D5 Fab 2.96 0.1 5.56 0.5 210.76 0.2
4 mM protein A 571mM hu4D5 Fab 3.56 0.5 1.56 0.5 213.86 2.4

Experiments with E–D two domain fragment

20 mM hu4D5 Fab 563mM E–D 0.56 0.1 2.76 0.5 214.16 1.3
10 mM hu4D5 MAbd 563 mM E–D 1.026 0.01 .100 263.66 0.5
10 mM ch4D5 MAbe 563 mM E–D 0.656 0.01 .100 249.46 0.4

Experiments with individual domains of protein A

10 mM ch4D5 MAb 230mM Z-domain 1.46 0.1 366 7 224.36 0.1
4.0 mM TNFR-IgGf 1.15 mM E-domain 2.26 0.1 .100 224.66 0.6
20 mM E-domain 330mM hu4D5 Fab 1.06 0.1 2.06 0.3 27.16 0.4
34 mM VH domain 863mM E-domain 1.26 0.1 1.06 0.1 212.66 0.6

Experiment to test for competition between Fc and Fab for E-domain binding

20 mM E-domain with
20 mM TNFR-IgG 330mM hu4D5 Fab 1.06 0.1 2.16 0.3 26.66 0.3

aTitrations performed as described in Materials and methods. TheDH values were calculated on the basis of the molar concentration
of the protein in the calorimeter cell.

bFull-length protein A contains five homologous domains.
chu4D5 Fab contains oneVH3 protein A binding domain.
dhu4D5 MAb contains potentially twoVH3 and two IgG1 Fc protein A binding sites.
ech4D5 MAb contains two IgG1 Fc protein A binding sites and no Fab binding site.
f TNFR-IgG contains two IgG1 Fc protein A binding sites.
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An overlay of the1H015N-HSQC spectrum of E-domain in the
free and Fv-bound states is shown in Figure 4. Eighty percent of
the E-domain backbone amide peaks undergo at least a slight
change in chemical shift upon addition of Fv. Peaks have been
arbitrarily classified as undergoing a large change in chemical shift
if there is no peak observed in the spectrum of the complex within
0.1 ppm~1H! and 0.5 ppm~15N! of the peak in the unbound state;
these residues are colored red on the ribbon diagram of E-domain
in Figure 5 and map to the helix-20helix-3 face. In addition, side-
chain NH2 groups of asparagine and glutamine residues that un-
dergo large changes in chemical shift upon Fv-binding also map to
helices 2 and 3 exclusively~Fig. 5!. Residues at the N- and
C-terminal ends~i.e., residues 4–9 and 56; residues 1–3 are not
observed under these conditions! of E-domain show no change in
chemical shift upon binding and maintain relatively sharp line-
widths in the Fv-bound state indicating that the local environments
of these residues are unchanged by Fv-binding. The fact that the
remaining E-domain peaks experience at least a slight chemical
shift perturbation upon Fv-binding could be due to the limited
stability of E-domain. The chemical shifts observed for the free
form of E-domain are a population weighted average of the chem-
ical shifts in the folded and unfolded states; Fv-binding would
perturb this equilibrium by selecting for the folded state. Alterna-
tively, there could be a small rearrangement of the three-helix
bundle structure in the bound state.

Discussion

We have examined the stability and variable region binding prop-
erties of full length protein A, a two-domain E–D fragment and the

A B C

D E F

Fig. 3. Titration of unlabeled Fv into15N-labeled E-domain. A small re-
gion of the two-dimensional1H015N-HSQC spectrum of15N-labeled
E-domain in the presence of a~A! 1:0, ~B! 1:0.25,~C! 1:0.50,~D! 1:0.75,
~E! 1:1.0, and~F! 1:1.25 molar ratio of E-domain to Fv fragment. Amide
peaks from residues Met17 and Ala54 and theE amino group of Arg25
~folded in these spectra! are shown. Note that separate free and bound
peaks are observed.

Fig. 4. 1H015N-HSQC spectrum of15N-labeled E-domain in the absence
~red! and presence~blue! of unlabeled Fv. Spectra were acquired as indi-
cated in Materials and methods. Peaks undergoing a large change in chem-
ical shift are labeled~see text for details!. Peaks from the N- and C-terminal
ends of E-domain that are not perturbed upon binding are also labeled, but
using a smaller font.

Fig. 5. Chemical shift map of the Fv binding surface on E-domain.
Residues with backbone amide1H and0or 15N resonances that undergo a
large change in chemical shift upon Fv-binding are colored red on a ribbon
diagram of the E-domain structure. For comparison, residues that contain
atoms in contact with Fc in the crystal structure of the B-domain0Fc
complex ~Deisenhofer, 1981! are colored blue. The one residue, Asn26,
that both undergoes a large change in chemical shift upon Fv binding and
makes contact with Fc in the B-domain0Fc crystal structure is colored
yellow. Side chains for all asparagine and glutamine residues are shown;
those colored red have side-chain NH2 groups that undergo a large change
in chemical shift upon Fv-binding. This figure was generated using the
program INSIGHT II~Molecular Simulations, Inc.!.
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isolated E-domain of protein A. Thermal denaturation by DSC
indicates E-domain is relatively unstable, melting with aTm of
438C. In contrast, Z-domain is much more stable with aTm of
;708C ~Starovasnik et al., 1997!. This difference is surprising
given the high sequence and overall structural similarity between
the E- and Z-domains~there are only 11 amino acid differences out
of 50 residues, not counting the disordered N-terminal residues;
Starovasnik et al., 1996; Tashiro et al., 1997!. The low stability of
E-domain may be, in part, due to the fact that there are two glycine
residues~Gly27 and Gly44! within a-helices 2 and 3 that are
alanine residues in the corresponding positions in Z-domain. Mu-
tagenesis studies are underway to identify the residues responsible
for the stability difference.

Both E- and D-domains were found to be capable of binding
VH3-containing Fab, consistent with previous reports~Roben
et al., 1995; Jansson et al., 1998!. Comparison of the isolated
E-domain and the E–D fragment suggests that the two domains
bind as independent, noninteracting sites with association con-
stants of;2 3 105 M21. Jansson et al.~1998! report a 10-fold
higher affinity based on surface plasmon resonance measurements
of the binding of an anti-p53 scFv to immobilized protein A frag-
ments. In addition to the variation resulting from the different
methods used, the affinity does vary with the specificVH3-containing
Fab or Fv measured~R.F. Kelley, unpubl. results!. We chose to
work with fragments of the humanized anti-HER2 antibody, hu4D5,
because it expresses extremely well and the crystal structures for
its Fab and Fv fragments have been solved~Eigenbrot et al., 1993!.

The calorimetric measurements indicate that E-domain binding
to Fab occurs with a negligible entropy change, whereas there is a
large, unfavorableDS for E-domain binding to Fc. In neither case
is there a large and favorableDS as might be expected for a
dominant contribution to binding from the hydrophobic effect~Tan-
ford, 1980!. A variety of factors~Sturtevant, 1977! could account
for the difference inDSbetween Fc and Fab binding. The mass of
the 2:1 E-domain:Fc complex is larger than the 1:1 E-domain:Fab
complex; a larger change in mass upon binding should increase the
entropic penalty from the loss of translational and rotational de-
grees of freedom. A decrease in the rotational freedom of side
chains, a tightening of vibrational modes, and0or changes in back-
bone dynamics can contribute to an unfavorableDS. In addition, if
binding reduces the number of isoenergetic conformations of the
protein then a negativeDSwould result. The free E-domain struc-
ture is not significantly different than the Fc-bound B-domain
structure except for the orientation of the side chain of Phe11
~Starovasnik et al., 1996!. Given that this side chain undergoes
rapid exchange betweenx1 rotamers in the unbound state, it is
unlikely that this side chain alone could account for much of the
large entropy cost upon binding. Similarly, there is very little dif-
ference between the free Fc and B-domain0Fc complex structures
except for the side-chain conformation of Ile253~Deisenhofer, 1981!.

Comparison of Fc and Fv binding sites on E-domain

NMR chemical shift mapping of the Fv-binding region on E-domain
implicates the helix-20helix-3 face as the site of interaction. The
Fc-binding site on E-domain is expected to be essentially identical
to that observed in the crystal structure of the B-domain0Fc com-
plex given the high sequence and structural similarity in this region
~Starovasnik et al., 1996!. The Fc- and Fv-binding regions are
clearly distinct from one another~Fig. 5!; only one residue, Asn26,
is found to have both an amide peak that undergoes a large change

in chemical shift upon Fv binding and have atoms in contact with
Fc in the B-domain0Fc complex structure~Deisenhofer, 1981!.
Given that chemical shift mapping typically describes a region
slightly larger than the contact site and that Asn26 is on the pe-
riphery of each of the binding regions, this result is consistent with
the fact that Fc and Fab do not compete with one another for
binding.

Jansson et al.~1998! comment on the importance of Gly27 in a
report that investigated Fab binding properties of all five native
protein A domains and Z-domain. Z-domain only differs from
B-domain at one position within the structured region of the con-
struct: the glycine corresponding to Gly27~that is conserved in all
native protein A domains! is replaced by alanine. They report that
all five native domains show roughly comparable binding affinity
for the Fab studied, but Z-domain binding was barely detectable.
The loss in binding due to the alanine could be due to a steric clash
with the Fab interface introduced by the methyl group or because
a conformational change requiring glycine in helix-2 is necessary
for high affinity binding. Z-domain and E-domain have very sim-
ilar structures in this region~Starovasnik et al., 1996; Tashiro et al.,
1997!, thus there appears to be nothing special about having gly-
cine in this position in the unbound state. The methyl group of the
alanine in Z-domain lies within the Fv-binding region defined here
and further implicates the helix-20helix-3 face as the site of Fv
binding.

The surface characteristics of the helix-10helix-2 face and helix-
20helix-3 face of E-domain are depicted in Figure 6. The helix-10
helix-2 face involved in Fc-binding is largely hydrophobic, bor-
dered by two positive charges~Fig. 6A!. In striking contrast, the
helix-20helix-3 face involved in Fv-binding is highly negatively
charged with a small hydrophobic region in the center~Fig. 6B!.

The region of theVH domain that interacts with protein A has
also been identified. Clearly the binding site is not within the
VH0VL interface or the conventional antigen binding site since the
presence or absence ofVL or antigen does not usually affect bind-
ing ~Table 1; Young et al., 1984!. Riechmann and Davies have
mapped residues involved in protein A binding by NMR chemical
shift perturbation~using a two-domain A–B fragment! and have
identified a binding surface contained within framework regions 1
and 3~Riechmann & Davies, 1995!. This surface ofVH3 from the
structure of hu4D5 Fv is illustrated in Figure 6C and depicts a
positively charged surface complementary to the negative charge
present on the Fv-binding surface of E-domain defined here.

In summary, we have shown that an individual 56 amino acid
protein A domain contains two nonoverlapping protein binding
sites. The Fv binding site lies within the helix-20helix-3 face of
E-domain, whereas the Fc binding site is localized to the helix-10
helix-2 face. The two binding sites on E-domain display very
different surface characteristics which might contribute to the dif-
ferent thermodynamic parameters determined for Fc and Fv bind-
ing. Complete structure determination of the E-domain0Fv complex
is ongoing to define the specific orientation of the domains in the
bound state and to further define essential elements of this protein–
protein interaction.

Materials and methods

Materials

S. aureusprotein A was purchased from Calbiochem~La Jolla,
California!; the protein was used without further purification, al-
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though the protein A appeared heterogeneous by SDS-PAGE~not
shown!. ch4D5 and hu4D5 Mab are the chimeric and fully human-
ized versions of a monoclonal antibody directed against the extra-
cellular domain of human epidermal growth factor receptor-2
~HER-2! ~Carter et al., 1992! and were provided by G. Blank
~Genentech, Inc., South San Francisco, California!. The Fab frag-
ment and isolatedVH domain of 4D5 were obtained by recombi-
nant expression and purification as described previously~Kelley
et al., 1992!. TNFR-IgG is an immunoadhesin~Capon et al., 1989!
consisting of the tumor necrosis factor receptor extracellular domain
fused to an IgG1 Fc and was provided by S. Chamow~Genentech,
Inc.!.

Production of protein A and antibody fragments

The plasmids pRIT32, encoding the entire protein A gene, and
pZAP2, a plasmid designed forE. coli expression of a Z-domain–
alkaline phosphatase fusion protein, were constructed by Dr. Lars
Abrahmsen~Pharmacia & Upjohn, Sweden!. pZAP2 uses the al-

kaline phosphatase~phoA! promoter and stII signal sequence to
cause secretion of the fusion protein and also has an f1 origin for
production of single-stranded DNA. Cassette mutagenesis~Wells
et al., 1985! was used to place a stop codon at the end of Z-domain
and to delete the alkaline phosphatase part of the fusion protein,
thus generating the plasmid pZCT. This Z-domain construct is
similar to that initially described by Nilsson et al.~1987! and
differs from the native B-domain by having an additional six amino
acids at the N-terminus, what would be the N-terminal alanine
~now residue 7! replaced by valine and Gly29~or 35 if numbered
from the N-terminus of this construct! replaced by alanine to re-
move a potential deamidation site~see Fig. 1 of Nilsson et al., 1987
for sequence comparison!. The Z-domain portion of pZCT was
replaced with a fragment encoding the E–D domains by first per-
forming a PCR reaction on pRIT32, then cleaving the PCR product
with MluI and SphI restriction enzymes~New England Biolabs,
Beverly, Massachusetts!, followed by ligation of the fragment with
MluI 0SphI digested pZCT. This yielded the plasmid pSED, which
enables secretion of the E–D fragment fromEscherichia coliusing

Fig. 6. The solvent accessible molecular surface color coded according to electrostatic surface potential~top row: red,29 kT; white,
0 kT; blue,19 kT! and hydrophobic surface~bottom row: ala, cys, ile, leu, met, phe, pro, tyr, trp, val residues colored green! of the
~A! Fc binding face of E-domain,~B! Fv binding face of E-domain, and~C! VH surface implicated in protein A binding by previous
chemical shift mapping studies~Riechmann & Davies, 1995!. The view shown inB differs from that inA by a 1408 rotation about the
vertical axis. TheVL domain is not shown in~C!, but would be behind theVH domain with the CDR loops located at the top in this
view. All views were chosen to emphasize residues in contact~A! or that undergo chemical shift perturbations~B,C! in the relevant
complex. E-domain and Fv coordinates used to generate this figure and the previous figure are from Protein Data Bank files 1EDK
~Starovasnik et al., 1996! and 1FVC~Eigenbrot et al., 1993!, respectively. The top row of this figure was generated using the program
GRASP~Nicholls, 1992!; the bottom row was generated using the program INSIGHT II~Molecular Simulations, Inc.!.
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the phoA promoter. A similar plasmid for secretion of E-domain
alone~pSE! was obtained by using oligonucleotide-directed mu-
tagenesis~Kunkel et al., 1987! to insert a stop codon at the end of
E-domain. pA19.2, a plasmid designed for phoA-stII directed se-
cretion fromE. coli of the Fv fragment of hu4D5, was constructed
by P. Carter~Genentech, Inc.!.

The sequences of pZCT, pSED, pSE, and pA19.2 were con-
firmed by dideoxynucleotide sequencing of the single stranded
form of the plasmid. Protein A fragments E–D, Z-domain, E-domain,
and 15N-labeled E-domain were expressed by secretion fromE.
coli and purified by chromatography on IgG-Sepharose as de-
scribed previously~Starovasnik et al., 1996!. All four proteins had
N-termini and molecular weights consistent with their sequences,
as determined by automated Edman degradation and electrospray
ionization mass spectrometry, respectively. As expected based on
the structures determined previously for the E-, B-, and Z-domains
of protein A ~Deisenhofer, 1981; Gouda et al., 1992; Tashiro &
Montelione, 1995; Starovasnik et al., 1996; Tashiro et al., 1997!,
these immunoglobulin-binding fragments displayed far UV-circular
dichroism~CD! spectra characteristic of helical proteins~data not
shown!. hu4D5 Fv was expressed by secretion fromE. coli and
purified essentially as described for the Fab fragments of 4D5
~Kelley et al., 1992!.

Differential scanning calorimetry

Thermal denaturation experiments were performed on a Microcal,
Inc. ~Northampton, Massachusetts! MC-2 differential scanning cal-
orimeter. Protein samples were prepared for measurement by di-
alysis vs. a solution containing 50 mM sodium acetate, pH 5.0. A
heating rate of 18C0min was employed. Melting profiles were
baseline corrected, normalized to protein concentration, and ana-
lyzed by nonlinear regression using software supplied by the man-
ufacturer. The calorimetric enthalpy~DHcal! was determined from
the area of the heat absorption peak, whereas the effective or van’t
Hoff enthalpy ~DHVH!, which describes the temperature depen-
dence of the equilibrium constant for denaturation, was evaluated
from the fractional amount of heat absorbed as a function of tem-
perature~Privalov, 1979!. For two-state denaturation,DHcal0
DHVH 5 1.

Isothermal titration calorimetry

Microcalorimetric measurements of the interaction of protein A
domains with antibody fragments were performed on a Microcal,
Inc. OMEGA titration calorimeter operated as described previ-
ously ~Kelley & O’Connell, 1993!. Protein solutions were pre-
pared by exhaustive dialysis vs. a buffer solution of 20 mM sodium
phosphate, pH 7.5, 100 mM NaCl. Protein solution, at a concen-
tration of 4–40mM, was loaded into the 1.4 mL calorimeter cell
and titrated by 12–15 equal volume injections of a concentrated
solution of binding partner~“titrant” !. A 100 mL injection syringe
was used, and the stirring rate was 400 RPM. All measurements
were performed after thermal equilibrium at 25.58C had been
obtained. The heat effect for each injection was calculated by
computer integration of the observed heat flux. Heats of titrant
dilution were determined in separate experiments and subtracted
from the integrated heats to obtain the heat of binding. These
binding isotherms were analyzed by nonlinear regression analysis,
using software supplied by the manufacturer, to calculate the in-
dependent parametersn, Ka, andDH.

NMR spectroscopy

NMR spectra were acquired on a Bruker AMX-500 spectrometer
at 258C. 1H015N-heteronuclear single-quantum coherence~HSQC!
spectra were acquired using spin-lock purge pulses for water sup-
pression~Messerle et al., 1989!. Quadrature detection int1 was
obtained using time proportional phase incrementation~Marion &
Wüthrich, 1983!. Chemical shifts were referenced to internal DSS.

Chemical shift mapping of the Fv binding site on E-domain

Unlabeled Fv in the presence of phosphate buffered saline~PBS!,
pH 5.8, 0.1 mM NaN3, 0.1 mM EDTA, 92% H2O, 8% D2O was
titrated into 15N-labeled E-domain in the same buffer and moni-
tored by 2D1H015N-HSQC spectra at 258C. The initial E-domain
concentration was 1.6 mM; five additions of 0.25 molar equiva-
lents were made from a 0.93 mM stock of Fv such that the final
sample contained 0.4 mM15N-labeled E-domain, 0.5 mM un-
labeled Fv. Spectra shown in Figure 4 were acquired with 8 and
512 scans0increment for free and Fv-bound E-domain, respec-
tively, and were collected with a 1,250 Hz15N spectral width
acquired over 200t1 increments.
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