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ABSTRACT: Staphylococcaprotein A (SpA) is a cell-surface component 8faphylococcus aureun

addition to the well-characterized interaction between SpA and the Fc-region of human IgG, an alternative
binding interaction between SpA and the Fab-region of immunoglobulin domains encoded by3the V
gene family has been described. To characterize structurally the interface formed by SpA repeats and
type-3 Wi-domains, we have studied the 32-kDa complex formed between an E-domain mutant (EZ4)
and the Fv-fragment of the humanized anti-HER2 antibody (Hu4®5using heteronuclear NMR
spectroscopy. Protocols were established for efficient incorporati&iNof3C, and’H into EZ4 and the

Vu- and M -domains of the Fv, allowing backbone resonances to be assigned sequentially for EZ4 and
the Vy-domain in both free and complexed states. Broadening of certgiresbnances in the free and
bound Fv-fragment suggests microsecond to millisecond time-scale motion in CDR3. Residues experiencing
significant chemical shift changes of backbdht, 15N, and3CO resonances upon complex formation
delineate contiguous surfaces on EZ4 and theddmain that define the binding interfaces of the two
proteins. The interaction surfaces identified by chemical shift mapping are comprised of predominantly
hydrophilic residues. This is in contrast to the SpiAc interface which is predominantly hydrophobic in
nature. Further analysis of the surface properties suggests a probable binding orientation for SpA- and
Vu3-domains.

Staphylococcal protein A (SpA) is a cell-surface compo- also known to require the Fab-binding ability of Sp8, (
nent of the bacterial pathog&taphylococcus aureu$he 10).

extracellular portion of SpA contains five homologous Ig-  |solated domains of SpA have been the subject of several
binding domains designated E, D, A, B, and C from the structural studies. In particular, the solution structures have
N-terminus. All five domains bind to the Fc-portion of human been determined for E41(), B- (12), and Z-domainsi(3)
IgG1, IgG2, IgG3 allotype G3m(s,t) and IgG#~3) and to [where Z-domain designates a B-domain varial#) (that

the Fab-portion of certain IgG, IgA, IgM, and IgE sequences binds Fc- but not Fab-fragment3)]. The isolated SpA-
containing \{-domains derived from the \3-family of gene domains comprise three-helices that pack together to form
segments4—7). The majority of human peripheral B-cells @ compact helical-bundle. The structure of the complex
normally presents membrane-bound IgM that containgz vV Petween B-domain and the Fc-fragment of IgG has also been
domain; IgM cross-linking through the Fab-mediated interac- determined by X-ray crystallographyd). Residues in helices
tion with SpA is known to induce B-cell mitogenesis in vitro. 1 @nd 2 of B-domain interact with Fc-residues proximal to
SpA has therefore been described as a B-cell superantiger"® Gi2—Ci3 interface. The contact residues are predomi-
(8). Additionally, the interaction of SpA with soluble 1gG nantly hydrophobic in nature.

in plasma produces immune complexes that stimulate activa- The SpA-Fab interface is not well characterized. How-

tion of the classical complement cascade, a response that i§Ver, the SpA-binding site is located clearly within a region
of the Vy3-domain outside the M-V, interface and the
conventional antigen-binding site, since the presence or
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comparisonsi9—22) and swap mutation®28, 24) between

. o e Table 1: Yields of Purified Components of the EZBv Complex
SpA-binding and non-SpA-bindingYsequences. Addition-

ally, the Vi-binding site on E-domain was shown by promoter _ yield (mg/L cuiture)
chemical shift mapping to involve residues in helices 2 and  *H Vi +*H V.2 tag 50
3(16). In both this and the previously mentioned NMR study 1 /acpH v+ 2H Vi taq 42
- Previously me Y IN/CPH Vi + 2H V2 taq 30
of the isolated \3-domain, binding sites were deduced 14Egz4 phoA 180
without completing chemical shift assignments for the bound  *H/*N EzZ4 phoA 180
states. I5N/C/*H EZ4 phoA 220
I5N/ISCPH EZ4 tag 22

We have used NMR spectroscopy to investigate the
complex formed between a mutant of SpA domain E (EZ4)
and an Fv-fragment derived from a humanized anti-HER2
antibody @5). The E-domain mutant contains E-to-Z (or B)
substitutions V14l, D23E, G44A, and S52A [E-domain fermentation media consisted of M9 minimal media contain-
sequence numbering is as described previousB] that ing 2 g/L glucose and 0.8 g/L NiEI, supplemented with
provide greatly increased thermal stability for the domain 1.6 mg/L thiamine. An additional 3 g/L glucose, 1.2 g/L INH
while not significantly affecting its affinity for Hu4D5 Fab ~ Cl, and 2.4 mg/L thiamine was delivered via a solution fed
(E. Zhukovsky, R. F. Kelley, and M. A. Starovasnik, during induction at a rate incremented such that minimal
unpublished results). Each of the three polypeptide chainsNaOH was required to maintain a steady-state pH of 7.0.
in the EZ4-Fv complex have been expressed separately in Deuterated protein production began with the followingD
Escherichia coli Optimized expression and purification ~cell conditioning process: a starter culture was grown at
protocols allowed efficient production of these molecules 37 °C in LB media to anAego of ~0.6 and then diluted 40-
with a variety of isotopic enrichments, includifgN, 5N/ fold into a small volume of 90% ED M9 media containing
13C, andSN/XCPH for both EZ4 and V; and2H for V.. 100% protonated glucose. At aoo of ~1.8, the culture
Backboné—HN’ 15N’ and*3C resonance assignments have been was diluted 100-fold into M9 media deuterated to the extent

completed for EZ4 and the;¥domain of the Fy-fragment  desired for the protein being produced. A drying column was
both free in solution and in the ternary 32 kDa EZ2v included in the air input line during deuterated fermentations
complex. Resonances of both proteins undergo chemical shifto minimize the introduction of air-born water to the culture.
changes upon complex formation; residues experiencing theGrowth rates were typically-50% slower and final cell

most significant chemical shift changes are localized to densities~15% lower in perdeuterated fermentations com-

distinct surfaces of EZ4 and the;\domain, thus allowing ~ Pared to protonated fermentations.

2Yields represent the amount of Fv obtainechfrd L of Vs-culture
plus 1 L of V -culture.

identification of the binding interface. Protein Purification.Expression driven by either thEhoA
or taq promoter did not lead to the accumulation of
MATERIALS AND METHODS significant amounts of protein in the culture media. Purifica-

. . tion of EZ4 was therefore as described previously for

Materials.D>O (99.9% D) was purchased from Cambridge g_gomain (1) except that the only source of protein was
Isotopes Laboratories. Isotopically enrichéCf]-o-glucose  the periplasmic shockate. Affinity-purified protein was
(>99%), PHy7]-D-glucose €97%), [Ce, ?H7l-D-glucose  fyrther purified and simultaneously buffer exchanged through
(>98%15C, >97%2H), [**N]Jammonium chloride X 99%), size-exclusion chromatography. Protein we85% pure as
Celtone-U, Celtone-N, and Celtone-CN were purchased from getermined by SDSPAGE and was verified to have the
Martek, Inc. correct molecular mass via MALDI mass spectrometry.

Protein ExpressiorProtonated EZ4 was expressed under Yields of purified EZ4 are listed in Table 1.
the regulation of the alkaline phosphatapbd4 promoter The Vy-domain readily forms homodimers and higher
and was secreted into the periplasm of a protease deficientorder aggregates when purified alone. Improved yields were
mutant ofE. colistrain W3110 as directed by the STl signal obtained when cell pellets containing ¥nd \{ derived from
sequence@). Production ofN-labeled andN/**C-labeled  separate fermentations were resuspended toget8&6(g/L)
protein was carried out as described previougl) (except in ice-cold 10 mM Tris buffer, pH 7.5, containing 1 mM
that upon completion of the growth phase cell pellets were EDTA and 0.1 mM PMSF, and the two domains copurified
washed in 1/2 vol of fresh media lacking ammonium as the Fv-fragment. The resulting suspension was stirred at
chloride, glucose, and Celtone. The cells were subsequentlys °C for 30 min and then centrifuged. The periplasmic
resuspended in a volume of production media, or growth shockate was then loaded directly onto a protein A-Sepharose
media lacking Celtone (which is the sole phosphate source)4 Fast Flow column (Pharmacia). The desired heterodimeric
equivalent to the original volume of growth media. protein was subsequently separated from homodimeyic V

The Hu4D5-8 V- and \_ -domains, as well as deuterated (20—25%) and high molecular weight aggregate$%o) and
EZ4, were expressed under the regulation otdggromoter buffer exchanged using size-exclusion chromatography. The
and secreted into the periplasm of a mutanEotoli strain resulting Fv-fragment was 95% pure as determined by
K12 through inclusion of the STII signal sequen@s)( SDS-PAGE and the molecular mass was verified via
Protein production using this system was found generally to MALDI mass spectrometry. Yields of purified Fv are listed
be higher in low-density fermentations than in shaker flasks; in Table 1.
therefore, cultures were grown in a BioFlow Il (New EZ4 samples contained 0:3.5 mM EZ4 and, in the case
Brunswick) fermentor. Fermentations were carried out in a of samples of the complex;y50% excess Fv. M-samples
volume of 1.5-2.0 L at 37°C, pH 7.0, with an agitation  contained 1.6-1.5 mM Fv and, in samples of the complex,
rate of 500 rpm and an air flow rate of 5 L/min. The basal ~50% excess EZ4. Protein concentrations were verified
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Table 2: Acquisition Parameters for NMR Experiments Performed on the-E¥4omplex

acquired data matrixnucleus) spectral widths (Hz) no. of
experiment 1 to t3 Fi Fs Fs transients ref
15N/13C-labeled EZ4
15N-HSQC 128 (5N) 2048 (H) 1562.5 12500 16 55
HNCOP 32 #3CO) 32 £5N) 2048 (H)  1509.2 1500 8012.8 32 36
HN(CO)CAP 32(3CY)"  32(5N) 2048 &H) 3125 1500 8012.8 32 56
HNCAP 32 (13CY)  32(5N) 2048 fH) 3125 1500 8012.8 32 56
H C/gCO)NH-TOCSY’ 64 (5C) 32(5N) 1024 {H) 68004 1250 6250 32 57,58
15N/15CPH-labeled EZ4
I5N-HSQCP 128 (5N) 2048 {H) 1562.5 12500 16 55
HNCO? 32(13CcO) 20(5N) 2048 {H) 1509.2 9259 80128 16 36
HNCAP 32(13Ccy)°  22(@5N) 2048 &H) 3125 9259 80128 16 59
HN(COCA)CR 42 (13CF) 24 (5N) 2048 8&H) 54514 1087 6250 32 60
15N/13C2H-labeled EZ4+ unlabeled Fv
I5N-HSQC 150 (5N) 2048 {H) 1500 12 500 1664 55
HNCOP 32 #3CO) 20 £5N) 2048 (H)  1509.2 925.9 8012.8 64 36
HN(CA)COP 32(3CO)  2085N) 2048 fH) 1509.2 9259 8012.8 192 61
HN(CO)CAP 3213y 22(5N) 2048 &H) 3125 925.9 80128 64 60
HNCAP 32 (13Cy) 22 (15N) 2048 (H) 3125 925.9 8012.8 96 59
HN(COCA)CR 42 (3CF) 20 (5N) 2048 &H) 6273.5 9259 8012.8 128 60
HN(CA)CBP 42 (13CF)  20(1N) 2048 {H) 6273.5 9259 8012.8 160 60
15\-NOESY-HSQGH 88 (tH) 40 (5N) 2048 fH) 9090.9  1785.7 12500 16 62
15N/13C2H-labeled \f; + 2H-labeled \(
I5N-HSQChe 150 (5N) 2048 {H) 1500 12 500 864 55
HNCO® 32 (13cO) 32(5N) 2048 {H) 1509.2 1500 8064.5 32 36
HN(CA)CO® 317 (13CO)  32¢5N) 2048 {H) 1509.2 1500 80645 64 61
HN(CO)CAe 32 (183Cy) 32 (15N) 2048 (H) 3125 1519.8 8064.5 32 60
HNCA® 32(13CY)  32(5N) 2048 fH) 3125 1519.8 8064.5 16 59
HN(COCA)CB 48 (3Cf 24 (5N) 2048 fH) 62735  1519.8 80645 32 60
HN(CA)CBe 46/ (13CF)  32(5N) 2048 fH) 62735  1519.8 80645 32 60
15N/13C-labeled V; + 2H-labeled \{
I5N-HSQC 150 (fCN) 2048 (H) 1500 12500 864 55
HNCC® 18 (13CO) 32 £5N) 2048 (H)  1509.2 1500 8064.5 32 36
HN(CO)CAe 32 (18Cy) 32 (15N) 2048 (H) 3125 1519.8 8064.5 32 60
HNCA® 32(3C%)  32(5N) 2048 fH) 3125 1519.8 80645 16 59
CB(CACO)NH 32(3CkH)  32(1N)  2048{H) 75415  1519.8 6250 32 36
15N/13C2H-labeled \ + 2H-labeled \( + unlabeled EZ4
I5N-HSQCP 128 (5N) 4096 (H) 1562.5 12500 64128 55
HNCO? 32 (1%cO) 32(5N) 2048 {H) 1509.2 1500 8012.8 64 56
HN(CO)CAP 28 (13Cy) 28 (15N) 2048 (H) 3125 1500 8012.8 128 60
HNCAP 28 (13Cv) 28 (15N) 2048 (H) 3125 1500 8012.8 128 59
TROSY-HNCCO 120 Q&CO) 50 (5N) 1376 (H) 1509.2 2000 15625 64 38
TROSY-HN(COCA)CB 28 (3~ 28(5N) 1216 {H) 3125 1666.7 12500 128 39, 60
TROSY-HN(CA)CB’ 28 (13CF)  28(N) 1216 {(H) 3125 1666.7 12500 128 39, 60
15N-NOESY-HSQCh 128 (H) 46 (*N) 2752 ¢(H) 9090.9 2604.2 15625 8 62

aComplex data point?. Data acquired on a Bruker DRX 500 MHz spectrometé&ata acquired on a Varian Inova 800 MHz spectrometer.
4 Mixing time, 100 mse Data acquired on a Bruker AMX 500 MHz spectrometekcquisition ended prematurely due to hardware faildi@ata
acquired on a Varian Inova 600 MHz spectromefevlixing time, 90 ms.

through amino acid analysis. Levels of isotopic enrichment method 80). Solvent suppression in tHeN-HSQC experi-
were verified through MALDI mass spectrometrifN ments was achieved using the water “flip-back” methg.(
labeling was>99%; °C labeling was>99% in SN/3C— In the >N-NOESY-HSQC experiments, solvent suppression
EZ4 or N/*3C—Vy and >98% in SN/*3CPH-EZ4 or 15N/ was achieved via binomial excitatioB2), with appropriate
13CPH—Vy. ?H-labeling was>99% in perdeuterated:yY modifications to minimize the deleterious effects of radiation
>95% in deuterated-EZ4, arwl90% in deuterated-y. All damping of the water signal38, 34). Triple resonance
NMR samples contain 50 mM sodium phosphate, pH 5.7, experiments includet!N coherence selection via pulsed field
15-25 mM NaCl,~0.1 mM EDTA, 0.02% sodium azide, gradients 85, 36), except for those acquired at 600 or 800
and 92% HO/8% D,O. MHz, which were modified to include the TROSY scheme
NMR SpectroscopyAll NMR spectra were acquired at  with sensitivity enhancement and water flip-ba8¢<39).
35 °C. Most spectra were acquired on either a Bruker H and?H broad-band decoupling was achieved using the
AMX500 or DRX500 spectrometer equipped with Bruker WALTZ-16 sequenced0) where appropriate while GARP-1
5-mm inverse triple-resonance probes with three-axis gradient(41) was used fof*N decoupling during acquisitiort*C*
coils. Additionally, several experiments were acquired on and*3CO decoupling was achieved through either selective
either 600 or 800 MHz Varian Inova spectrometers equipped 180 pulses or SEDUCE-1 composite pulse decoupld®) (
with Varian 5-mm inverse triple-resonance probes with three- 43). All spectra were processed and analyzed on a Silicon
axis gradient coils. Proton chemical shifts were referenced Graphics Indigo 2 workstation using the FELIX 97.0
to internal 3-(trimethyl-silyl)propane-1,1,2,2,3,3-sllfonic software package.
acid, sodium salt (DS8s; Isotec) and®N and**C chemical
shifts were referenced indirectly to liquid ammonia and DSS, RESULTS
respectively 28). Backbone!HN, 15N, and3C resonances Choice of E-Domain Construdtrevious studies indicated
were assigned sequentially using through-bond heteronucleathat wild-type E-domain has a low thermal stabilifiy,(=
correlation experiment20); experimental details are sum- 43 °C) and a propensity to aggregate and form a highly
marized in Table 2. Quadrature detection in the indirectly viscous gel after several hours at millimolar concentration
detected dimensions was achieved using the States-TPP&nd 35°C (11, 16). Z-domain [the G27A mutant of B-domain
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Ficure 1: Schematic representation of the backbone correlations observed for free (A, open) and Fv-bound (B, filled) EZ4. The presence
of a cross-peak for a given residue is indicated by a bar. The correlations are found in the following Se&aiN(CA)CO; 3CO_4,

HNCO; 3C%, HNCA; $3C* ,, HN(CO)CA and/or HNCA [and/or (H)C(CO)NH-TOCSY (A)EC!, HN(CA)CB; 3¢, (H)C(CO)NH-

TOCSY (A) or HN(COCA)CB (B);dnn, tHN—1HN sequential and medium-range NOE correlations fif@tNOESY-HSQC of Fv-bound

EZ4. Side-chain correlations observed in the (H)C(CO)NH-TOCSY spectrum of free EZ4 are not shown.

(14)] does not exhibit this behavior, but it also does not bind
Fv. Four of 11 possible E-to-Z substitutions (V14l, D23E,
G44A, and S52A) were incorporated into E-domain (E.
Zhukovsky, R. F. Kelley, and M. A. Starovasnik, unpublished
results). The resulting mutant protein, designated EZ4, has
a higher thermal stability T, = 63 °C) and a reduced
tendency to aggregate compared to wild-type E-domain while
maintaining tight Fv-associatioikKj = 12.5+ 0.8 uM for

EZ4 (R. F. Kelley, unpublished results) versus 5:00.8

uM for E-domain (@6)]. *H and*®N chemical shifts of EZ4
are similar to those of wild-type E-domain, indicating that
the three-helix-bundle structurél) is likely maintained in

the quadruple mutant. On the basis of these data, the EZ4-
mutant, rather than the wild-type E-domain, was selected
for further analysis.

Addition of substoichiometric amounts of unlabeled-Fv
to *N-labeled EZ4 results in HSQC spectra that exhibit
cross-peaks corresponding to both free and Fv-bound states
in slow exchange, as observed previously wfik-labeled
E-domain (6). Similarly, HSQC spectra acquired on samples ' 78 75
containing**N-labeled-\;, unlabeled-Y, and substoichio- 1H'(ppm)'
metric amounts of unlabeled-EZ4 also produced two sets of

resonances corresponding to free- and EZ4-bound states of!GURE 2: Superposition of 2BH/**N-HSQC spectra of free (red)
Fv in slow exchange. The averadéM-line widths of the and Fv-bound®N/13CH-labeled EZ4 (blue). The EZ4 concentra-

. . tion is ~1 mM in both states. Assignments for several peaks
peaks in spectra of bound EZ4 in the presence of 50% excessgnificantly perturbed upon Fv binding are indicated.

Fv were 24+ 4 Hz.

Backbone Resonance Assignments of Free anBdund
EZ4.Samples containing’N/13C-labeled EZ4 were used in  1A.
the triple-resonance experiments listed in Table 2 to obtain  Spectra were also acquired 6MN/**C/PH-labeled EZ4
backbone resonance assignments for free EZ4. Amide(Table 2) and assigned by inspection using assignments for
correlations for all nonproline residues, except the first three the protonated protein. The two sets of resonance assignments
residues from the N-terminus, were observed in thesewere used to deducéH-isotope-shifts for'3C* and *3C#
experiments. The (H)IC(CO)NH-TOCSY experiment allowed resonances.
sets oftHN, 15N, and*3C resonances to be assigned to specific  ®N-HSQC spectra for free and Fv-bound EZ4 are shown
amino acid types. Data from this experiment, in combination superposed in Figure 2. The backbone resonances for Fv-
with the HNCO, HNCA, and HN(CO)CA experiments, were bound EZ4 were assigned using the experiments listed in
sufficient to assign the backbonf, °N, 13CO, and'3C*) Table 2 collected on a sample containifiy/*3C/2H-labeled
and*3Cf resonances of all residues, except Alal, GIn2, and EZ4 and excess unlabeled-Fv. Amide correlations for all
His3 and the'3CO resonances of residues N-terminal to nonproline residues, except the first three residues from the

N (ppm)

126.0 124.0 122.0 120.0 118.0 116.0 114.0 112.0 110.0

T T T
8.1 7.2 6.9 6.6

prolines. The observed correlations are summarized in Figure
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N-terminus, were observed in two or more of these experi- A
ments. Rather weak correlations were observed, however, bl 2 %3
in the HN(CA)CO, HN(CA)CB, and HN(COCA)CB triple- 14 L
resonance experiments acquired on Fv-bound EZ4 for a
number of residues postulated previously to be involved in
binding of E-domain to FvX6); several of these resonances —
are broadened beyond detection. The correlations observed ©
for Fv-bound EZ4 are summarized in Figure 1B. Backbone
resonance assignments for the bound state of EZ4 were
confirmed through observation of sequenttal!—'HN NOEs -1+
in a N-edited NOESY-HSQC spectrum (Figure 1B). In
addition, alli—i+2 andi—i+3 *HN—-'HN distances less than T T T ' T
5 A in a model of EZ4 [based on the solution structure of B sk — T
E-domain (1)] produced observable NOEs in tHi-edited I e S——
NOESY-HSQC spectrum (the only exceptions involved i r
resonance degeneracy or overlap with diagonal peaks)
(Figure 1B), indicating that the helical secondary structure
of the domain is preserved upon Fv-binding. 7 o

Complete lists of EZ4 backbone resonance assignments
for the free and Fv-bound protein are provided in the
Supporting Information (Table S1), together with plots
showing deviations from random-coil chemical shift values
for the assigned®CO, 13C*, and3C’ resonances (Figures : . : . :
S1 and S2). Consensus chemical shift index (CSI) values 10 20 30 40 50
(44), based on these chemical shift differences, are shown Residue
in Figure 3, for EZ4 residues in the free and bound states, FIGURE 3: Consensus CSils for free (A) and Fv-bound (B) EZ4.
respectively. The consensus CSls for the free and bound!he secondary structure observed for free E-domlhié shown

: . . . .1 schematically at the top of each panel.

states are identical and are consistent with the helical
secondary structure of SpA-domains. Note that the ments were also lacking for similar regions of strands F and
isotope-shifts for the bound state could not be measuredG (46); the authors suggest that the lack of information
reliably due to the poor quality of the data observed for obtained for these regions may be due to an intrinsic dynamic
protonated, Fv-bound, EZ4 (data not shown); the bound- property of CDR3. Exchange broadening ¢f-€DR3 amide
state chemical shift data presented in Figures S2 and 3B weraesonances has also been reported for the Fv-fragment of a
corrected using théH-isotope-shifts measured for the free- murine anti-dansyl IgG2a antibody¢7).
state. Experiments were also acquired on a sample containing

Vy-Domain Backbone Resonance Assignments in the Free'>N/'3C-labeled-\4 and perdeuterated;\as listed in Table
and EZ4-Bound F-Fragment.The Hu4D5-8 Vy-backbone 2. Resonances in these experiments were assigned by
resonances were assigned in the free Fv-fragment using theénspection and the assignments used to detivésotope-
experiments listed in Table 2 acquired on a sample containingshifts for the3C* and13C# resonances of the }Ydomain.
I5N/13CPH-labeled \j; and perdeuteratedrV Amide reso- I5N-HSQC spectra for the Mdomain in the free and EZ4-
nances were assigned for 106 of the 117 nonproline V. bound Fv-fragment are shown superposed in Figure 6.
residues. Additionally, 111 of 128CO resonances, 114 of  Significant line width variations are evident in both spectra
12013C* resonances, and 94 of 188" V-resonances were  with averageH Vy-domain line widths of 17 5 and 36+
assigned. The correlations observed for each residue in the7 Hz in the spectra of the free and EZ4-bound Fv-fragment,
triple-resonance spectra are summarized in Figure 4A. Tenrespectively. Backbone resonance assignments of the V
of the 11 unobserved amide protons participate in cross-domain in the EZ4-bound Fv-fragment were obtained using
strand hydrogen bonds in the crystal structure of the domainthe experiments listed in Table 2 acquired on a sample
(45), ruling out chemical exchange with solvent as an containing®®N/*3C/?H-labeled-\; and perdeuterated:Vin
explanation for the lack of observable signal (the 11th is at the presence of excess unlabeled-EZ4. Preliminagy V
the N-terminus). When mapped onto the X-ray structure of backbone assignments of the EZ4-bound Fv were possible
the domain, these residues form a distinct cluster, adjacentusing only the HNCO, HNCA, and HN(CO)CA experiments,
to the Vy—V_ interface, that includes sections of strand A together with the \{-assignments from the free Fv-fragment,
from f-sheet 1 and strands C, F, and G frgrsheet 2 as  because many residues did not experience significant changes
illustrated in Figure 5. In addition, many resonances corre- in chemical shift upon formation of the complex. These
sponding to residues within CDR3 are broadened signifi- preliminary assignments were confirmed through later analy-
cantly. A total of six crystallographically unique copies of sis of the TROSY-type HN(CA)CB and HN(COCA)CB
the 4D5 \{;-domain structure are available; the largest experiments collected at 800 MHz. Amide resonances for
deviation in conformation between the structures occurs in 80 of 117 nonproline M-domain residues were assigned in
CDR3 @5), suggesting that conformational exchange involv- addition to 80 of 1233CO, 93 of 120'3C%, and 74 of 105
ing CDR3 is the likely cause of the missing signals. This *C? Vy-resonances. TheWdomain correlations observed
hypothesis is supported by the results of an NMR analysis in triple-resonance experiments acquired on the EZ4-bound
performed on a single-chain Fv-fragment in which assign- Fv-fragment are summarized in Figure 4B. Residues lacking
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T
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FiIGURES: Schematic representation of the Fv crystal structure [PDB Figure 6: Superposition of 2BH/!SN-HSQC spectra of the M

accession code 1FV@%)] illustrating the locations of \-residues

domain in the free (red) and EZ4-bound (bld&y/13C/H-labeled

for which amide resonances were not observed in the free Fy-fragment. Both spectra were acquired on samples containing

Fv-fragment (violet). The strands of the;\domain are labeled.

~1.5 mM Fv. Assignments for several peaks significantly perturbed

The V_-domain is shown in gray. This figure was generated using ypon EZ4 binding are indicated.

the program MOLSCRIPTEQ).

observable amide resonances include all but two residuessuggesting further that flexibility in this region of the domain
from CDR3 and, with the exceptions of Cys22, 1le69, Ser70, is the primary origin of the observed linebroadening. Note

and Ser82B, form a contiguous region within thg-8omain

that these resonances were already broadened significantly

composed of residues within and proximal to CDR3, in the free Fv; their loss on complex formation is probably
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observation of changes in chemical shifts between the free
b =G0 and bound states of the interacting partners (e.g., see refs
" 18, 48, and49). In cases of fast exchange, the positions of
“bound” peaks can be determined readily by following
resonance shifts during titration experiments. In cases of slow
0 : exchange, however, the bound peaks are frequently not
8 B assigned. Rather, resonances that show no apparent shift on
) complex formation (i.e., a peak is observed at the same
: it position in both free and bound spectra) are tentatively
14 : L e assigned on the basis of the assigned spectrum of the free
' protein and are assumed to arise from regions of the protein
outside the binding interface. The net changes in chemical
shift of bound state resonances can also be estimated by
measurement of minimum chemical shift chandg®.(The
- precision of both approaches in defining binding sites can
suffer in crowded spectra, however, due to unfortunate peak
overlap. The surface described by chemical shift mapping
is typically larger than the region in direct contact because
residues on the edge of the binding site can experience
changes in local environment induced by neighboring contact
residues §1).
In the present study, backbone resonance assignments have
: G b been completed for both the free and bound members of the
10 20 30 40 5 59 69 79 86 96 103 complex. The weighted net change in chemical shift for
Residue correlations observed in HNCO spectra acquired on EZ4 and

FIGURE 7: Consensus CSls foresidues in free (A) and EZ4-  the Viy-domain were calculated according to
bound (B) Fv. The secondary structure observed in the crystal

structures of the W-domain is shown schematically above each _ 2 2 27172
panel. Absence of chemical shift data is indicated by gray bars. AS = [AélHN + 0'17A615N+ 0'3%613“]
The residue numbering is consistent with that of Kabat et58). (

A L 1 1 1 1 1
c. Cc' D
-

1
E
- ==

where Ad is the combined chemical shift difference, and

a direct result of the increased molecular mass and con-Adyy, Adsy, and Adsco are the *HN, N, and 3CO
comitant increase in rotational correlation time rather than chemical shift differences in parts per million, respectively,
any change in the local dynamic properties of CDR3. between the HNCO correlations for the free and bound

Additional confirmation of the assignments was provided proteins 60). The results of the calculation for EZ4 are
by the presence of sequenttalN—'HN NOEs observed ina  shown in Figure 8A. An arbitrarfdeuor value of 0.13 ppm
15N-edited NOESY-HSQC spectrum acquired on the sample was selected to provide a reasonable degree of discrimination
containing ®*N/3C/H-labeled-\,;, perdeuterated-\ and between V-domain-binding-site and non-binding-site resi-
excess unlabeled-EZ4 (Table 2). In addition to the sequentialdues. The deduced binding-site residues are shown mapped
NOE correlations, all of the expected medium-range-(j| onto a model of EZ4 [based on the solution structure of
< 5) and long-rangeli( — j| = 5) NOEs corresponding to  E-domain (1)] in Figure 8B and include Asn21Ala22,
IHN—1HN distances of<4.5 A in the Fv crystal structure  GIn24—lle29, Ser3+Asp35, Ser37GIn47, and Leu49d
were observed (where the expectation accounts for theAsp51. This set of residues includes most of helices 2 and
unassigned amide resonances as well as resonance degenef®in the solution structure of E-domain.
cies and overlap with diagonal peaks). Observation of these The results of the calculation for the \domain are shown
NOEs indicates that the structure of thgs-#omain is in Figure 9A. The \4-residue numbering is consistent with
essentially unchanged by SpA-domain binding. that of Kabat et al. §2). As for EZ4, a 0.13 ppmAdcutoft

Backbone V-resonance assignments for the free and EZ4- value was used to discriminate between EZ4-binding-site and
bound Fv-fragment are provided in the Supporting Informa- non-binding-site residues; binding-site residues identified in
tion (Table S1). Plots showing deviations from random coil this way include Gly15 Ser21, Ala23, Tyr56 Tyr59, Val63-
chemical shift values for assigned;¥omain!3CO, 13Cv, Gly65, Thre8, Ala71, Asp72, and Tyr7Asn82A, Leu82C,
and 13C? resonances in the free Fv and in the EZ4-bound and Arg83. The large changes in backbone chemical shifts
state are also provided in the Supporting Information (Figures observed for Tyr56, Gly65, and Thr68 (Figure 9A) are most
S3 and S4). The consensus chemical shift index vak#s (  likely due to the proximity of the backbone nuclei to aromatic
for each state are shown in Figure 7. The chemical shift datarings, rather than any gross conformational changes upon
for the bound state were corrected on the basfsldfotope- complex formation. Y-domain residues Cys22, lle69, Ser70,
shifts measured for the free state. In general, the agreemenaind Ser82B, which are sequentially adjacent to those that
between the secondary structure predicted using the CSlsexperienced significant chemical shift changes on binding,
and that observed in the crystal structure of thedémain did not have observable amide signals in the EZ4-bound
is good for the free state and for the assigned regions in thestate. These resonances were observed in the free Fv; in this
EZ4-bound state. case, the differential broadening observed on binding sug-

Chemical Shift Mapping of Binding SiteSlumerous gests that these residues may also be part of the EZ4-binding
protein-binding surfaces have been mapped through thesite. The combined residue set is shown mapped onto the
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Ficure 8: (A) Plot of weighted net change in EZ4 chemical shifts,
A6 (ppm), forHN, 15N, and*CO resonances in HNCO spectra of
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Ficure 9: (A) Plot of weighted net change inpMchemical shift,
AS (ppm), fortHN, 15N, and3CO resonances in HNCO spectra of

free and Fv-bound EZ4 (see text), versus residue number. Regionsree and EZ4-bound Fv, versus residue number. The framework
of secondary structure observed in the free domain are indicated atregions, complementarity determining regions, hypervariable re-
the top of the figure. The threshold used to differentiate between gions, and secondary structure are indicated at the top of the figure.

significantly perturbed and unperturbed residu®8g o = 0.13

The threshold used to differentiate between significantly perturbed

ppm, is shown as a dashed line. (B) Schematic representation ofand unperturbed residuesdcuor = 0.13 ppm, is shown as a dashed

the E-domain solution structure [PDB accession code 1EDTH (
illustrating EZ4-residues whose backbofeN, 15N, and 3CO

line. (B) Schematic representation of the Fv crystal structure [PDB
accession code 1FV@9)] illustrating Vy-residues whose backbone

resonances are perturbed upon Fv binding. Residues that experiencéHN, 15N, and13CO resonances are perturbed upon EZ4 binding.
significant chemical shift changes on complex formation are colored Residues that experience significant chemical shift changes on
red. This figure was generated using the program MOLSCRIPT complex formation are colored red, while residues Cys22, 1le69,
(63). Ser70, and Ser82B, that were differentially broadened on complex
formation, are colored violet. The Mlomain is shown in gray.
The antigen-binding site is at the bottom in this view. This figure

crystal structure of the ¥domain in Figure 9B and
y v €5 g was generated using the program MOLSCRIB3)(

includes sections of strands B, D, and E/f$heet 1 and

strand C of f-sheet 2. The largely hydrophilic Fv-binding-surface comprises a

small, central hydrophobic region bordered by charged and

DISCUSSION polar residues. The EZ4-binding surface of thgddbmain

Description of the Mapped Binding Surfac&e surface
of SpA-domains involved in Fc-binding was shown previ-
ously to include residues from helices 1 and1®&)( The

(Figure 9B and 10) is also largely hydrophilic with a central
hydrophobic patch bordered by several charged and polar
residues. The hydrophilic nature of the SpRv interface

deduced Fv-binding-surface (Figures 8B and 10) is distinct is in contrast to the predominantly hydrophobic interface
from the Fc-binding surface in that it includes residues from observed in the SpAFc complex 15).
helices 2 and 3, consistent with the observation that SpA The SpA-binding-surface identified in the present study

domains can bind both Fc and Fab simultaneoug)\16).

confirms previous speculation, based ony ¥equence
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Ficure 10: Space-filling representations of EZ4 [model based on the solution structure of E-domain; PDB accession cod&1JJEDK (

(right) and the \;-domain [from the Fv crystal structure; PDB accession code 1B (left), illustrating the deduced protein interaction

sites. Proposed binding site residues are colored according to the following scheme: glycines, violet; hydrophobic, yellow; polar, green;
basic, blue; acidic, red. Residues labeled in parentheses had resonances that were not observed in the complex or had net weighted backbone
chemical shift changes on complex formation less thég,.; they are included in the proposed binding site due to the proximity of their

side chains to residues that did experience significant backbone chemical shift changes. This figure was produced using the program INSIGHT

Il (Molecular Simulations, Inc.).

analyses, that residues in FR1, the C-terminal section of Argl9; Glu23/Arg58; and Lys48/Asp72. This set of inter-
CDR2, and FR3 of ¥3-domains are important for SpA actions leaves Lys64 as the onlyyVesidue within the
binding (19—22). The present results are also in good binding surface lacking a compensating charge within the
agreement with those of Riechmann and Daviés),( EZ4 Vy-binding surface; this residue interacts with Asp61
although they concluded that chemical shift perturbations in in the crystal structure of the Fv. The proposed electrostatic
pB-strand C were likely due to indirect effects rather than interactions could occur simultaneously with little change
direct contact. While this remains a formal possibility, we in the conformations of either EZ4 or Fv upon complex
believe that the complementarity observed in the two surfacesformation, as expected based on the NOE and CSI analyses
mapped in Figure 10, together with the results of functional of the free and bound proteins. The binding surfaces are
studies (see discussion below), argues strongly for this regionrelatively flat, although closer inspection reveals several
of CDR2 to be included in the SpA-binding site. An shallow grooves and ridges that also provide shape comple-
exception might be Tyr56, which is located on the edge of mentarity consistent with the binding orientation suggested
the mapped binding surface (Figure 10) and may not on the basis of the electrostatic interactions.
necessarily contact EZ4 directly; the side chain of this  The proposed binding orientation offers an explanation for
conserved CDR2 residue has been shown previously tothe greatly reduced Vbinding affinity observed for Z-
contribute ~1 kcal mol! to HER2 binding $3). Note, domain [G27A mutant of B-domairi4)] in that the presence
however, that no part of any.¥domain hypervariable loop  of a methyl group at position 27 would lead to a steric clash
is included in the proposed contact surface, consistent withwith Tyr59 and/or Gly65, residues that are completely
the fact that SpA-domains are capable of binding highly conserved in germ-line M3-sequences.
diverse \(;3-sequences and do not usually affect antigen Vy-Segment Binding Specificity of SpA-Domaifem-
binding. linson et al. estimate the number of human germ-line V
Complementarity of the Mapped Binding Surfadespec- gene segments to be 83, of which 29 are classified as
tion of the binding surfaces (Figure 10) reveals apparent belonging to family 3%4). Variable region binding by SpA-
charge complementarity that suggests a possible bindingrepeats is known to involve preferentially a select subset of
orientation for the two domains with respect to each another. the \;3-family of gene segmentd<7). Analysis of potential
Figure 10 shows an “open-book” representation of this likely interactions between the binding surfaces identified in the
binding mode. Such a binding mode would allow several present study, that follow necessarily from the proposed
salt-bridges to form at the interface of the complex: (EZ4- binding orientation in the EZ4Fv complex (Figure 10),
residue/Fv-residue) Asp34 or Asp35/Arg66 or Arg83; Glu45/ provides a basis for speculation on the observed specificity
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Ficure 11: Alignment of the amino acid composition for 82 germ-
line Vy-sequences (from Mfamilies 1-5) within the four regions
identified as being involved in EZ4 binding to the;3-domain of
Hu4D5-8 (see Figure 9B). The length of each bar is proportional
to the frequency of occurrence of a particular amino acid type within
the 82 sequences analyzed. Identity with the consensy® V
sequence is indicated by shading. The germ-lines€quences are
from Tomlinson et al. §4).

of binding of SpA-domains for certain )Ydomains. A
comparison of the amino acid sequences of germ-line V
families 1-5 (54), for the regions corresponding to those
involved in SpA binding to W3, is given in Figure 11.

The proposed binding orientation is consistent with the
results of Randen et al28), who observed that four of five
non-SpA-binding Vi3-domains studied contain acidic amino

acids at positions 57 or 58. In the proposed mode of binding,

Biochemistry, Vol. 39, No. 1, 20085

electrostatic interactions with SpA residues 22 or 23 (note
that native SpA domains AD have glutamate at position
22 while A, B, C, and E also have either aspartate or
glutamate at position 23). Furthermore, these authors showed
that introducing a lysine residue at;\position 57 restored
SpA binding.

Arg19 is conserved strictly in germ-line 3-sequences
but is substituted conservatively with lysine inyMgerm-
line sequences and in 50% of;5-germ-line sequences; in
contrast, threonine and serine are conserved strictly at this
position in V42- and \{;4-germ-line sequences, respectively
(Figure 11). Additionally, a lysine or arginine is found at
position 83 in \,1-, Vy3-, and \{;5-germ-line sequences;
this residue is always an aspartate or threonineqg-\and
Vy4-germ-line sequences, respectively (Figure 11). The loss
of favorable electrostatic interactions betweegrésidues
19 and 83 and SpA-residues 45 and 34/35, respectively,
potentially explains the lack of SpA-domain binding in-V
families 2 and 4. The lack of SpA-domain binding exhibited
by V41- and \;5-germ-line sequences might be explained
in part by differences in sequence between these families
and \-family 3 in FR1 and FR3. Germ-line\3-sequences
contain a conserved glycine at position 16 in contrast to all
other germ-line \j-sequences. A nonglycine substitution at
position 16 might easily promote a steric clash with, and in
this way perturb binding to, a SpA-domain. Substitution of
this glycine with an acidic amino acid in 5 and the
majority of Vy-4-germ-line sequences would likely introduce
an unfavorable electrostatic-interaction with the conserved
SpA residue Asp35. The FR3 sequence from residues 79
82 in germ-line \,;3-sequences is conserved absolutely; this
sequence differs in at least two positions in the other germ-
line Vy-families (Figure 11). These substitutions may also
result in additional unfavorable contributions to the SpA-
domain/\{;-domain interaction in non-SpA-domain binding
Vy-sequences.

CONCLUSION

The SpA and ¥V-domain binding surfaces identified in
this study and the relative binding orientations proposed on
the basis of the charge complementarity observed between
these binding surfaces are consistent with available mu-
tagenesis and sequence data from both SpA apddrains.

The fact that the Fc- and Fab-binding surfaces on SpA-
domains appear to be distinct and nonoverlapping correlates
with the observation of noncompetitive Fab and Fc binding
by these domains. The ability of SpA-domains to utilize both
binding surfaces simultaneously would appear to enhance
the ability of protein A to cross-link Ig sequences, thus
enhancing the antigenicity &. aureus
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