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Abstract

Immunoglobulins of human heavy chain subgroup Il have a binding sit&faphylococcaprotein A on the heavy

chain variable domairiVy), 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 calorimetiiff C) 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 witha of 5.5+ 0.5 10° M ~. 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 ar&.0+ 0.1,K, = 2.0+ 0.3X 10° M %,

andAH = —7.1+ 0.4 kcal mol~L. Similar binding thermodynamics are obtained for titration of the isol&tedomain

with E-domain indicating that the E-domain binding site on Fab resides withirE-domain binding to an IgG1 Fc
yields a higher affinity interaction with thermodynamic parameters 2.2+ 0.1,K, > 1.0 X 10’ M~%, andAH =
—24.6+ 0.6 kcal molt. Fc does not compete with Fab for binding to E-domain indicating that the two antibody
fragments bind to different sites. Amidel and*®N 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-domdiRc complex. The Fv-binding region contains negatively charged residues and a
small hydrophobic patch which complements the basic surface of the region\df themain implicated previously in
protein A binding.

Keywords: calorimetry; IgG binding domains; NMR chemical shift mappisgaphylococcaprotein A

Staphylococcal protein A is a component of the cell surface ofigM molecules through;3-mediated bindingRomagnani et al.,
Staphylococcus aureu3he biological role of protein A is not 1982.
understood fully, although it is secreted by nearly all clinical iso- Protein A is a 42 kDa protein containing five homologous
lates of S. aureusand is thought to enhance pathogenidityr ~58 residue immunoglobulitg)-binding domains followed by
review see Langone, 1982; Silverman, 1998; and references thereira C-terminal region necessary for cell wall attachment. The Ig-
Protein A interacts with antibodies through two distinct binding binding domains are designated E, D, A, B, andirCorder from
events: the “classical” binding site on the Fc portion of humanthe N-terminug and share 65-90% amino acid sequence identity.
IgG1, 1gG2, and IgG4, and the “alternate” binding site found onThe domains were named based on the order in which they were
the Fab portion of human IgG, IgM, IgA, and IgE that contain discovered: A-, B-, and C-domains were initially identified as pro-
heavy chains of th&},3 subfamily. Protein A has long been studied teolytically stable module$Hjelm et al., 1975; Sjédahl, 1976
for its properties as a valuable immunological tool and more re-D-domain was identified using modified digestion conditions
cently for its ability to act a a B cell superantigen by cross-linking (Sjédahl, 1977a, 1977Fband finally E-domain was recognized as
an additional homologous Ig-binding domain when partial and
complete cDNA clones were identifigtddfdahl et al., 1983; Uhlén
Reprint requests to: Dr. Melissa A. Starovasnik, Department of Proteinet al., 1984; Moks et_al" 1986 ; .
Engineering, Genetech, Inc., One DNA Way, South San Francisco, Cali- NMR structures of isolated B-, E-, and Z-domaiiasB-domain
fornia 94080; e-mail: star@gene.com. mutant; Nilsson et al., 198 Feveal that the individual modules are

1423




1424 M.A. Starovasnik et al.

composed of three-helix bundle structurgouda et al., 1992; T T T T T T T T
Tashiro & Montelione, 1995; Starovasnik et al., 1996; Tashiro - A T
et al., 1997. Residues from the first two helices are importantfor o g} .
Fc binding (Cedergren et al., 1993; Jendeberg et al., 1994

were shown to make contact with Fc in the B-domi&ia crystal
structure(Deisenhofer, 1981 Furthermore, a minimized protein A 1.5
domain variant containing only the first two helices indicates that _

this region is not only necessary, but sufficient for high affinity Fc g 1.0 i
binding (Braisted & Wells, 1996; Starovasnik et al., 1997 % i
Less is known about the protein/®,3 interaction, however ] 05

recently, all five protein A domains were shown to be capable of
Fab binding with association constants of 2<120° M ~* (Roben
et al., 1995; Jansson et al., 199Bab and Fc are noncompetitive 0.0}
for binding to the isolated D-domaifRoben et al., 1995 but the
specific area on a protein A domain that interacts Wit{8 has not o, \ ) . ‘
been determined. On thé,3 side of the interaction, framework 20 30 40 50 60 70 80 90
regions 1 and 3 and a portion of complementarity determining 7 T T T
region 2 have been implicated as regions that interact with protein B 1
A based on swap mutatioriRanden et al., 1993; Potter et al., 2.0} -
1996. Framework regions 1 and 3 of an isolaié¢B domain were
shown to be involved in protein A binding as monitored by NMR
spectroscopyRiechmann & Davies, 1995 \
We report thermodynamic characterization of the interaction_ .
between protein A and the variable region of IgG. Complexesg 1.0k i
formed using full length protein A, a two domain E-D fragment, 3 3
and the individual E-domain were investigated. Furthermore, theQ

0.5} -

Fv binding site on the E-domain was localized by NMR chemical .

shift mapping. y ]
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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 Fig. 1. Thermal stability of(A) E-domain andB) E-D fragments of pro-
(DSO). As shown in Figure 1A, E-domain is fairly unstable, ex- tein A. DSC was performed on protein solutions containing 50 mM sodium

P ; o P acetate, pH 5.0 at a heating rate ofCYmin. The solid lines are the
hibiting a melting temperaturély,) of 43°C at pH 5.0. Similar observed melting curves corrected for the baseline heat capacity and nor-

transitions were obtained upon consecutive heating cycles, indinajized to the amount of protein in the calorimeter (@6 mM E-domain,
cating that denaturation is reversible, although the protein solutio.6 mM E-D. Dashed lines represent nonlinear least-squares analysis of
was turbid upon removal from the calorimeter cell. Melting of the transitions using a non-two-state model yielding thermodynamic pa-
E-domain is not adequately described by a two-state model sinc?meters—rm = 43.0°C, AHcq = 33 keal mol™ andAHyyy = 42 kcal mol

. ) . ) or E-domain, and,,= 51.5°C, AH.4 = 48.5 andAHyy = 29.3 kcal mol
AHcai/AHyy is <1. A AHyy that is larger thamHeq is consistent ¢ o £ p fragment.
with oligomerization upon unfoldingPrivalov, 1979. A similar
T 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 measurement
to ambient and below.

A single, broad transition having &, of 51.5°C was observed Titration experiments with the two immunoglobulin binding do-
for thermal denaturation of the E-D fragment as shown in Fig-main fragment of protein AE-D) are used to illustrate typical
ure 1B. Like E-domain, denaturation of this fragment was found tocalorimetric data for binding to either hu4D5 Fédkig. 2A) or the
be reversible. A similar broad transition was also detected by elintact antibody(Fig. 2B). In these experiments, the antibody so-
lipticity measurements at 222 nfmata not shownAs for E-domain,  lution was put in the calorimeter cell and titrated with a concen-
the E-D fragment did not display two-state unfolding. Analysis of trated solution of protein A fragment. Binding to hu4D5 Fab can
the transition with a non-two-state model yieldedld,, that was  be described by a single class of binding sites model with
smaller thamAH, suggesting the presence of folding intermedi- 0.5+ 0.1,K, = 2.7+ 0.5X 10° M™%, andAH = —14.1+ 1.3
ates. These results are consistent with a model whereby D-domakeal mol~. A value of 0.5 forn suggests that both the E- and
is slightly more stable than E-domain, and the two domains foldD-domains are functional for Fab binding simultaneously. Differ-
independently without strong interdomain interactions. Folding in-ences in Fab binding affinity between the two domains or evidence
termediates would thus consist of molecules having one domaifor cooperativity in binding are not detected by calorimetry sug-
folded and the other unfolded. No evidence was obtained for aggesting that these are equivalent, noninteracting sites. As shown in
gregation of the thermally denatured E-D fragment. Table 1, similar experiments with the isolated E-domain support

Talorimetric measurement of protein A binding to antibody
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time (min) measured for E-D or E-domain binding. Protein A appears to have
9 . 1|0 ' 29 ' 3|0 r 4.0 . 5.0 . 6|0 . 3—4 binding sites for Fab with the averagél somewhat larger
than measured for E-domain binding. Binding experiments with
0.0 V V v . full length protein Atended to give larger standard errors which we
8 \( V, believe reflects the heterogeneity of the protein A preparation.
L In contrast to results with E-domain, no binding to Fab was
§-0.5 - 1 observed for Z-domain. Z-domain was competent for Fc binding as
shown by titration experiments with ch4D5 MABable J). Since
Fab fragments made from ch4D5 MADb cannot be purified on pro-
- T T T T T T T T T tein A-SepharoséKelley et al., 1992, this MAb (IgG1) does not
S 0 [ = ] appear to have a protein A binding site gg. Thus, the measured
8 -2 ] parameters for Z-domain interaction with ch4D5 MAb are pre-
£ -4F . ] sumed to reflect Fc binding. E-domain binding to Fc was deter-
E 6k ] mined by titrating an immunoadhesi@apon et al., 198%aving
g X 1 the TNF receptor extracellular domain fused to the same human
3 -8r A ] IgG1 Fc present in ch4D5 MAb. TheH values measured for Z-
£ 1o} 5 . , . . ) . ) L] and E-domain binding to Fc are nearly identical, but a slightly
0.0 0.5 1.0 1.5 2.0 larger binding constant was determined for E-domain compared
molar ratio with Z-domain binding to Fc. E-domain binding to TNFR-IgG
gave a stoichiometry of 2.2 suggesting that both potential sites on
time (min) the symmetrical Fc are functional in binding. Z-domain binding to
9 1,0 . 2,0 . 39 4,0 5,0 6,0 ch4D5 MAb gave a smaller value for which most likely reflects
0.0} v . errors in the concentration determination for ch4D5 MAb.
o i 1 E-domain binding to the Fc fragment appears to be at least
0 -2.0f . 50-fold higher affinity than the interaction of E-domain with the
= i 1 Fab fragment. Th&G calculated from the binding constant for
g -4.0f 1 E-domain binding to Fab is-7.3 kcal mol %, which indicates that
T the entropy change for this process is about zgvbl is —7.1
-6.0F ] kcal mol~1). By comparison, aG of —9.6 kcal mol? is calcu-
= T L T T T T T lated for E-domain binding to Fc by assuminggof 1 X 10’ M1
s or } (consistent with the value obtained by BlAcore measurements;
.'6’_:. 20' ] Starovasnik et al., 1996 Since theAH of binding is —24.6
£ i kcal mol~%, this implies a large and unfavorablkS (—TAS =
o 0[ i 15 kcal mol't at 25.5°C; AS= —50 cal K mol~*) upon bind-
g -4 | ] ing. This thermodynamic comparison suggests that there are fun-
3 60} B . damental differences in the mechanism of E-domain binding to
£ [P U SR N SN N S S Fab and Fc sites.
0.0 0.5 1.0 1.5 2.0 25 3.0 3.5 4.0 Titration of hu4D5 MAb with the E-D fragment of protein A
molar ratio (Fig. 2B) gave a large, exothermitH and an affinity that was too

Fig. 2. Titration calorimetric measurement of E-D binding to hu4D5 great to determine by calor!metry. Upon Il’emoval from the calo-
(A) Fab and(B) antibody. See Materials and methods for details. rimeter cell, the MABE-D mixture was noticeably turbid. hu4D5
MADb 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 MAb/E-D complex, it seems likely that the E-D fragment
this conclusion. The\H for E-domain binding is half that mea- can crosslink IgG molecules which may prevent full occupancy of
sured for titration of Fab with E-—7.1 compared with-14.1 all the binding sites.
kcal mol™%, respectively as expected for equivalent, noninteract-
ing sites. The affinity of E-domain for binding to the isolatéd
domain was within two-fold of that measured for Fab binding
(Table J indicating that the E-domain binding site resides solely To determine whether Fab and Fc bind to overlapping sites on
on V. The more exothermiaH of binding observed for th¥y E-domain, two kinds of competition experiments were performed.
domain relative to the Fab-12.6 and—7.1 kcal mol'%, respec-  In the first experiment, affinity chromatography on IgG-Sepharose
tively) may reflect the oligomerization state gf;. At the concen-  was employed to assess competition. Addition of a 10-fold molar
trations used in the calorimetry experimei(®& uM), V4 is an excess of Fab did not inhibit binding of E-domain to a column of
equilibrium mixture of monomer and diméR.F. Kelley, unpubl.  IgG-Sepharosédata not shown Indeed, after washing off un-
results. E-domain binding could perturb this equilibrium such that bound material, Fab coeluted with E-domain upon treatment of the
a portion of theAH measured for binding is contributed b, column with 0.1 M glycine-HCL, pH 3. Control experiments showed
association. that Fab did not bind to the IgG-Sepharose column in the absence
Binding of hu4D5 Fab to intact protein A can also be describedof E-domain. No binding of Fab to the IgG-Sepharose column was
by a single class of binding sites havind<a comparable to that observed in the presence of Z-domain, which does not bind hu4D5

Competition between Fab and Fc for E-domain binding
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Table 1. Thermodynamic parameters for protein A binding to hu4D5 antilfody

AH
Protein Titrant n Ko X 10°M~1t (kcal mol™®)
Experiments with full length protein A °
8 uM hu4D5 Fals 119 uM protein A 0.26+ 0.02 1.0+ 0.1 —40.9+ 4.3
8 uM protein A 571uM hu4D5 Fab 2.9+ 0.1 55+ 0.5 -10.7+ 0.2
4 uM protein A 571uM hu4D5 Fab 3.5 0.5 1.5+ 0.5 —-13.8+ 24
Experiments with E—D two domain fragment
20 uM hu4D5 Fab 563uM E-D 05+ 0.1 27+ 05 -141+ 13
10 uM hu4D5 MAb? 563 uM E-D 1.02+ 0.01 >100 -63.6+ 0.5
10 uM ch4D5 MAb® 563 uM E-D 0.65+ 0.01 >100 —49.4+ 0.4
Experiments with individual domains of protein A
10 uM ch4D5 MADb 230uM Z-domain 1.4+ 0.1 36+ 7 —243+01
4.0 uM TNFR-IgG’ 1.15 mM E-domain 22201 >100 —24.6+ 0.6
20 uM E-domain 330uM hu4D5 Fab 1.0:0.1 2.0+ 0.3 -7.1+04
34 uM V4 domain 863uM E-domain 1.2+ 0.1 1.0+ 0.1 —12.6+ 0.6
Experiment to test for competition between Fc and Fab for E-domain binding

20 uM E-domain with

20 uM TNFR-IgG 330uM hu4D5 Fab 1.0:0.1 21+03 —-6.6+ 0.3

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

bFull-length protein A contains five homologous domains.

¢hu4D5 Fab contains oné,3 protein A binding domain.

9hu4D5 MADb contains potentially twd43 and two IgG1 Fc protein A binding sites.

¢ch4D5 MADb contains two 1gG1 Fc protein A binding sites and no Fab binding site.

fTNFR-IgG contains two IgG1 Fc protein A binding sites.

Fab. These results suggest that E-domain can bind simultaneoustjrectly in contact due to the fact that residues on the periphery of
to Fab and Fc sites. a binding site experience a change in local environment induced by
In the second experiment, the binding of Fab to E-domain in theneighboring contact residugSpitzfaden et al., 1992This tech-
presence of an excess of TNFR-IgG was determined by calorimnique has been used previously to identify the areaStoapto-
etry. This experiment employed a twofold excess of Fc bindingcoccalprotein G that interact with FgGronenborn & Clore, 1993
sites over E-domain. As shown in Table 1, nearly identical bindingand Fab(Lian et al., 1994 fragments and to define the region on
parameters are obtained for Fab binding to E-domain whether im V33 domain that interacts with protein A domains A{Riech-
the presence or absence of TNFR-IgG. Since the affinity of E-domaimann & Davies, 1996
for Fc is greater than for Fab, a much reduced binding constant '5N-labeled E-domain was titrated with unlabeled Fv fragment
should have been observed in this experiment if the binding sitefrom hu4D5 to identify which residues of E-domain have chemical
for Fab and Fc were overlapping. Instead this result indicates thaghifts that are perturbed upon binding. The Fv fragment was cho-
the binding sites involve distinct sets of residues that are suffisen for this experiment because the E-dorBab complex would
ciently separated to allow binding of both Fab and Fc. be less amenable to NMR structural analysis. Although the binding
site is contained solely within the, chain(Table 1, the V,;/V_
heterodimer(Fv fragmen} was used in these experiments due to
the poor solubility and aggregation Wf; alone. Figure 3 shows a
segment of the E-domain HSQC spectrum with differing amounts
Comparison of resonance frequencies in free and bound states hakunlabeled Fv present. When there is a less than stoichiometric
been used previously to identify protein—protein interaction sitesamount of Fv present, two sets of E-domain peaks are observed
(Chen et al., 1993; van Nuland et al., 199Bhe chemical shift of representing free and bound forms of E-domain in slow exchange.
a nucleus is highly sensitive to its local electronic environment,The new(bound peaks are significantly broader than the initial
thus when residues on the surface of a protein come in contact witheaks. No “free” peaks are observed after a 1:1 ratio of E-domain:Fv
a binding partner they typically experience a change in chemicais obtained, although the linewidths of the “bound” peaks continue
shift. Chemical shift changes result directly from contact with theto narrow with the addition of excess Fv. Slow exchange behavior
binding partner or indirectly from conformational changes associ4is observed even for nuclei where the frequencies of the free and
ated with the binding eventFoster et al., 1998 In general, the  bound peaks differ by less than 5 Hz, indicating that the lifetime of
area described by chemical shift mapping is larger than the regiothe bound state i5-200 ms.

NMR chemical shift mapping of the
Fv binding site on E-domain
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Fig. 3. Titration of unlabeled Fv intd°N-labeled E-domain. A small re- . o
gion of the two-dimensionalH/**N-HSQC spectrum of*N-labeled ' T ' T
E-domain in the presence of(a) 1:0, (B) 1:0.25,(C) 1:0.50,(D) 1:0.75, 8.5 8.0 7.5 7.0 6.5 ppm

(E) 1:1.0, and(F) 1:1.25 molar ratio of E-domain to Fv fragment. Amide s . o
peaks from residues Met17 and Ala54 and thamino group of Arg25  Fig. 4. *H/*N-HSQC spectrum of*N-labeled E-domain in the absence

(folded in these spectraare shown. Note that separate free and bound (red) and presencéblue) of unlabeled Fv. Spectra were acquired as indi-
peaks are observed. cated in Materials and methods. Peaks undergoing a large change in chem-

ical shift are labeledsee 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.
An overlay of the'H/*SN-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 beer
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(*H) and 0.5 pp(**N) of the peak in the unbound state;
these residues are colored red on the ribbon diagram of E-domai
in Figure 5 and map to the helixtBelix-3 face. In addition, side-
chain NH, groups of asparagine and glutamine residues that un-
dergo large changes in chemical shift upon Fv-binding also map tc
helices 2 and 3 exclusivelyFig. 5. Residues at the N- and
C-terminal endqi.e., residues 4-9 and 56; residues 1-3 are not \
observed under these conditiprs E-domain show no change in 4
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 th
remaining E-domain peaks experience at least a slight chemica
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 chemFig. 5. Chemical shift map of the Fv binding surface on E-domain.
ical shifts in the folded and unfolded states; Fv-binding would Residues with backbone amidel and/or N resonances that undergo a

. e : _large change in chemical shift upon Fv-binding are colored red on a ribbon
perturb this equilibrium by selecting for the folded state. Alterna diagram of the E-domain structure. For comparison, residues that contain

tively, there could be a small rearrangement of the three-helixgioms in contact with Fc in the crystal structure of the B-domiéin
bundle structure in the bound state. complex (Deisenhofer, 1981are 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-domdifc crystal structure is colored
Discussion yellow. Side chains for all asparagine and glutamine residues are shown;
. . . . Lo those colored red have side-chain Ngtoups that undergo a large change
We have examined the stability and variable region binding propin chemical shift upon Fv-binding. This figure was generated using the
erties of full length protein A, a two-domain E-D fragment and the program INSIGHT II(Molecular Simulations, Ing.

—N
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isolated E-domain of protein A. Thermal denaturation by DSCin chemical shift upon Fv binding and have atoms in contact with
indicates E-domain is relatively unstable, melting withT,a of Fc in the B-domaipiFc complex structuréDeisenhofer, 1981
43°C. In contrast, Z-domain is much more stable witiaof Given that chemical shift mapping typically describes a region
~70°C (Starovasnik et al., 1997 This difference is surprising slightly larger than the contact site and that Asn26 is on the pe-
given the high sequence and overall structural similarity betweemiphery of each of the binding regions, this result is consistent with
the E- and Z-domain&here are only 11 amino acid differences out the fact that Fc and Fab do not compete with one another for
of 50 residues, not counting the disordered N-terminal residueshinding.
Starovasnik et al., 1996; Tashiro et al., 199he low stability of Jansson et a[1998 comment on the importance of Gly27 in a
E-domain may be, in part, due to the fact that there are two glycineeport that investigated Fab binding properties of all five native
residues(Gly27 and Gly44 within a-helices 2 and 3 that are protein A domains and Z-domain. Z-domain only differs from
alanine residues in the corresponding positions in Z-domain. MuB-domain at one position within the structured region of the con-
tagenesis studies are underway to identify the residues responsibdéruct: the glycine corresponding to GlyR&Rhat is conserved in all
for the stability difference. native protein A domainss replaced by alanine. They report that
Both E- and D-domains were found to be capable of bindingall five native domains show roughly comparable binding affinity
Vy3-containing Fab, consistent with previous repofBoben  for the Fab studied, but Z-domain binding was barely detectable.
et al., 1995; Jansson et al., 199&€omparison of the isolated The loss in binding due to the alanine could be due to a steric clash
E-domain and the E-D fragment suggests that the two domainwith the Fab interface introduced by the methyl group or because
bind as independent, noninteracting sites with association cora conformational change requiring glycine in helix-2 is necessary
stants of~2 X 10° M1, Jansson et al1998 report a 10-fold  for high affinity binding. Z-domain and E-domain have very sim-
higher affinity based on surface plasmon resonance measuremeniar structures in this regio(Starovasnik et al., 1996; Tashiro et al.,
of the binding of an anti-p53 scFv to immobilized protein A frag- 1997), thus there appears to be nothing special about having gly-
ments. In addition to the variation resulting from the different cine in this position in the unbound state. The methyl group of the
methods used, the affinity does vary with the spedifi@-containing  alanine in Z-domain lies within the Fv-binding region defined here
Fab or Fv measure(R.F. Kelley, unpubl. resulijsWe chose to and further implicates the helix/Belix-3 face as the site of Fv
work with fragments of the humanized anti-HER2 antibody, hu4D5,binding.
because it expresses extremely well and the crystal structures for The surface characteristics of the heli#lix-2 face and helix-
its Fab and Fv fragments have been sol¢fidenbrot etal., 1993  2/helix-3 face of E-domain are depicted in Figure 6. The helix-1
The calorimetric measurements indicate that E-domain bindindnelix-2 face involved in Fc-binding is largely hydrophobic, bor-
to Fab occurs with a negligible entropy change, whereas there is dered by two positive chargdé&ig. 6A). In striking contrast, the
large, unfavorablenS for E-domain binding to Fc. In neither case helix-2/helix-3 face involved in Fv-binding is highly negatively
is there a large and favorableS as might be expected for a charged with a small hydrophobic region in the ceritég. 6B).
dominant contribution to binding from the hydrophobic eff€ldn- The region of thevy domain that interacts with protein A has
ford, 1980Q. A variety of factors(Sturtevant, 197)7could account also been identified. Clearly the binding site is not within the
for the difference im Sbetween Fc and Fab binding. The mass of V,/V_ interface or the conventional antigen binding site since the
the 2:1 E-domain:Fc complex is larger than the 1:1 E-domain:Falpresence or absence \df or antigen does not usually affect bind-
complex; a larger change in mass upon binding should increase thirg (Table 1; Young et al., 1984 Riechmann and Davies have
entropic penalty from the loss of translational and rotational de-mapped residues involved in protein A binding by NMR chemical
grees of freedom. A decrease in the rotational freedom of sidshift perturbation(using a two-domain A—B fragmenand have
chains, a tightening of vibrational modes, @odchanges in back- identified a binding surface contained within framework regions 1
bone dynamics can contribute to an unfavoratfeIn addition, if and 3(Riechmann & Davies, 1995This surface o3 from the
binding reduces the number of isoenergetic conformations of thetructure of hu4D5 Fv is illustrated in Figure 6C and depicts a
protein then a negativeSwould result. The free E-domain struc- positively charged surface complementary to the negative charge
ture is not significantly different than the Fc-bound B-domain present on the Fv-binding surface of E-domain defined here.
structure except for the orientation of the side chain of Phell In summary, we have shown that an individual 56 amino acid
(Starovasnik et al., 1996Given that this side chain undergoes protein A domain contains two nonoverlapping protein binding
rapid exchange betweepl rotamers in the unbound state, it is sites. The Fv binding site lies within the helix{2lix-3 face of
unlikely that this side chain alone could account for much of theE-domain, whereas the Fc binding site is localized to the helix-1
large entropy cost upon binding. Similarly, there is very little dif- helix-2 face. The two binding sites on E-domain display very
ference between the free Fc and B-domi&o complex structures  different surface characteristics which might contribute to the dif-
except for the side-chain conformation of lle2&Risenhofer, 1981  ferent thermodynamic parameters determined for Fc and Fv bind-
ing. Complete structure determination of the E-dorjigincomplex
is ongoing to define the specific orientation of the domains in the
bound state and to further define essential elements of this protein—
NMR chemical shift mapping of the Fv-binding region on E-domain protein interaction.
implicates the helix-Zhelix-3 face as the site of interaction. The
Fc-binding site on E-domain is expected to be essentla_lly 'dent'cal{/laterials and methods
to that observed in the crystal structure of the B-dormiEmcom-
plex given the high sequence and structural similarity in this regioq\/laterials
(Starovasnik et al., 1996 The Fc- and Fv-binding regions are
clearly distinct from one anothéFig. 5); only one residue, Asn26, S. aureusprotein A was purchased from Calbiocheitma Jolla,
is found to have both an amide peak that undergoes a large chan@alifornia); the protein was used without further purification, al-

Comparison of Fc and Fv binding sites on E-domain
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A B C

Fig. 6. The solvent accessible molecular surface color coded according to electrostatic surface gtapmoal: red,—9 kT; white,

0 KT; blue,+9 kT) and hydrophobic surfaddottom row: ala, cys, ile, leu, met, phe, pro, tyr, trp, val residues colored yoééhne

(A) Fc binding face of E-domair{B) Fv binding face of E-domain, an) V, surface implicated in protein A binding by previous
chemical shift mapping studi¢®iechmann & Davies, 1995The view shown irB differs from that inA by a 140 rotation about the

vertical axis. Thev, domain is not shown iiC), but would be behind th¥y domain with the CDR loops located at the top in this

view. All views were chosen to emphasize residues in corffacor that undergo chemical shift perturbatioiis 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 1IEDK
(Starovasnik et al., 199@&nd 1FVC(Eigenbrot et al., 1993respectively. The top row of this figure was generated using the program
GRASP(Nicholls, 1992; the bottom row was generated using the program INSIGHMblecular Simulations, Ing.

though the protein A appeared heterogeneous by SDS-RAGE  kaline phosphatasgphoA) promoter and stll signal sequence to
shown. ch4D5 and hu4D5 Mab are the chimeric and fully human-cause secretion of the fusion protein and also has an f1 origin for
ized versions of a monoclonal antibody directed against the extraproduction of single-stranded DNA. Cassette mutagen&¥els
cellular domain of human epidermal growth factor receptor-2et al., 198%was used to place a stop codon at the end of Z-domain
(HER-2 (Carter et al., 1992and were provided by G. Blank and to delete the alkaline phosphatase part of the fusion protein,
(Genentech, Inc., South San Francisco, Califoriiae Fab frag-  thus generating the plasmid pZCT. This Z-domain construct is
ment and isolated/; domain of 4D5 were obtained by recombi- similar to that initially described by Nilsson et &/1987 and
nant expression and purification as described previo($slley differs from the native B-domain by having an additional six amino
etal., 1992 TNFR-IgG is an immunoadhesi@apon et al., 1989  acids at the N-terminus, what would be the N-terminal alanine
consisting of the tumor necrosis factor receptor extracellular domairfinow residue Y replaced by valine and Gly2®r 35 if numbered
fused to an IgG1 Fc and was provided by S. Chani@enentech, from the N-terminus of this constrycteplaced by alanine to re-
Inc.). move a potential deamidation sitee Fig. 1 of Nilsson et al., 1987
for sequence comparisprniThe 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
The plasmids pRIT32, encoding the entire protein A gene, andvith Mlul and Sphl restriction enzymedNew England Biolabs,
pPZAP2, a plasmid designed f&. coli expression of a Z-domain— Beverly, Massachusejtgollowed by ligation of the fragment with
alkaline phosphatase fusion protein, were constructed by Dr. LarMlul /Sphl digested pZCT. This yielded the plasmid pSED, which
Abrahmsen(Pharmacia & Upjohn, SwedgnpZAP2 uses the al- enables secretion of the E-D fragment fr&scherichia colusing

Production of protein A and antibody fragments
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the phoA promoter. A similar plasmid for secretion of E-domain NMR spectroscopy

anne(pSE) was obtained by using oligonucleotide-directed mu NMR spectra were acquired on a Bruker AMX-500 spectrometer
tagenesigKunkel et al., 198Yto insert a stop codon at the end of o 11 is .
. g : : at 25°C. *H/*>N-heteronuclear single-quantum coherettd€QC)
E-domain. pA19.2, a plasmid designed for phoA-stll directed se- . . .
) - spectra were acquired using spin-lock purge pulses for water sup-
cretion fromE. coli of the Fv fragment of hu4D5, was constructed ression(Messerle et al., 1989 Quadrature detection i was
by P. CarterGenentech, Ing. p Ny

The sequences of pZCT, pSED, pSE, and pA19.2 were co obtained using time proportional phase incrementatiarion &

firmed by dideoxynucleotide sequencing of the single StranderZ}/Vuthrlch, 1983. Chemical shifts were referenced to internal DSS.

form of the plasmid. Protein A fragments E-D, Z-domain, E-domain,

and *N-labeled E-domain were expressed by secretion fEam . . . - . .
coli and purified by chromatography on IgG-Sepharose as deg:hemlcal shift mapping of the Fv binding site on E-domain
scribed previouslyStarovasnik et al., 1996All four proteins had  Unlabeled Fv in the presence of phosphate buffered séRBS),
N-termini and molecular weights consistent with their sequencespH 5.8, 0.1 mM Naly, 0.1 mM EDTA, 92% HO, 8% D,O was

as determined by automated Edman degradation and electrosprégrated into 1°N-labeled E-domain in the same buffer and moni-
ionization mass spectrometry, respectively. As expected based dored by 2D*H/**N-HSQC spectra at Z%. The initial E-domain

the structures determined previously for the E-, B-, and Z-domaingoncentration was 1.6 mM; five additions of 0.25 molar equiva-
of protein A (Deisenhofer, 1981; Gouda et al., 1992; Tashiro & lents were made from a 0.93 mM stock of Fv such that the final
Montelione, 1995; Starovasnik et al., 1996; Tashiro et al., 1997 sample contained 0.4 mM°N-labeled E-domain, 0.5 mM un-
these immunoglobulin-binding fragments displayed far UV-circularlabeled Fv. Spectra shown in Figure 4 were acquired with 8 and
dichroism(CD) spectra characteristic of helical proteifsta not 512 scangincrement for free and Fv-bound E-domain, respec-
shown. hu4D5 Fv was expressed by secretion fr&mcoli and  tively, and were collected with a 1,250 HZN spectral width
purified essentially as described for the Fab fragments of 4D5acquired over 20@, increments.

(Kelley et al., 1992
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