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ABSTRACT: Staphylococcalprotein A (SpA) is a cell-surface component ofStaphylococcus aureus. In
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 by the VH3
gene family has been described. To characterize structurally the interface formed by SpA repeats and
type-3 VH-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 (Hu4D5-8) using heteronuclear NMR
spectroscopy. Protocols were established for efficient incorporation of15N, 13C, and2H into EZ4 and the
VH- and VL-domains of the Fv, allowing backbone resonances to be assigned sequentially for EZ4 and
the VH-domain in both free and complexed states. Broadening of certain VH-resonances in the free and
bound Fv-fragment suggests microsecond to millisecond time-scale motion in CDR3. Residues experiencing
significant chemical shift changes of backbone1HN, 15N, and13CO resonances upon complex formation
delineate contiguous surfaces on EZ4 and the VH-domain 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 SpA-Fc interface which is predominantly hydrophobic in
nature. Further analysis of the surface properties suggests a probable binding orientation for SpA- and
VH3-domains.

Staphylococcal protein A (SpA) is a cell-surface compo-
nent of the bacterial pathogenStaphylococcus aureus. The
extracellular portion of SpA contains five homologous Ig-
binding domains designated E, D, A, B, and C from the
N-terminus. All five domains bind to the Fc-portion of human
IgG1, IgG2, IgG3 allotype G3m(s,t) and IgG4 (1-3) and to
the Fab-portion of certain IgG, IgA, IgM, and IgE sequences
containing VH-domains derived from the VH3-family of gene
segments (4-7). The majority of human peripheral B-cells
normally presents membrane-bound IgM that contains a VH3-
domain; IgM cross-linking through the Fab-mediated interac-
tion with SpA is known to induce B-cell mitogenesis in vitro.
SpA has therefore been described as a B-cell superantigen
(8). Additionally, the interaction of SpA with soluble IgG
in plasma produces immune complexes that stimulate activa-
tion of the classical complement cascade, a response that is

also known to require the Fab-binding ability of SpA (9,
10).

Isolated domains of SpA have been the subject of several
structural studies. In particular, the solution structures have
been determined for E- (11), B- (12), and Z-domains (13)
[where Z-domain designates a B-domain variant (14) that
binds Fc- but not Fab-fragments (7)]. The isolated SpA-
domains comprise threeR-helices that pack together to form
a compact helical-bundle. The structure of the complex
between B-domain and the Fc-fragment of IgG has also been
determined by X-ray crystallography (15). Residues in helices
1 and 2 of B-domain interact with Fc-residues proximal to
the CH2-CH3 interface. The contact residues are predomi-
nantly hydrophobic in nature.

The SpA-Fab interface is not well characterized. How-
ever, the SpA-binding site is located clearly within a region
of the VH3-domain outside the VH-VL interface and the
conventional antigen-binding site, since the presence or
absence of VL-domain or most antigens does not affect
binding (16, 17). Backbone NMR assignments have been
reported for an isolated VH3-domain (modified by mutating
three residues at the VH-VL interface in order to improve
solubility) (18). Changes in backbone chemical shifts upon
binding a SpA-construct containing domains A and B led
these authors to propose that SpA binding involves the
surface formed byâ-sheet 1 of the VH3-domain. Framework
regions 1 (FR1) and 3 (FR3), which include residues in
â-sheet 1, as well as the C-terminal region of CDR2 have
also been implicated in SpA binding based on sequence
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comparisons (19-22) and swap mutations (23, 24) between
SpA-binding and non-SpA-binding VH-sequences. Addition-
ally, the VH-binding site on E-domain was shown by
chemical shift mapping to involve residues in helices 2 and
3 (16). In both this and the previously mentioned NMR study
of the isolated VH3-domain, binding sites were deduced
without completing chemical shift assignments for the bound
states.

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 (25). The E-domain mutant contains E-to-Z (or B)
substitutions V14I, D23E, G44A, and S52A [E-domain
sequence numbering is as described previously (11)] that
provide greatly increased thermal stability for the domain
while not significantly affecting its affinity for Hu4D5 Fab
(E. Zhukovsky, R. F. Kelley, and M. A. Starovasnik,
unpublished results). Each of the three polypeptide chains
in the EZ4-Fv complex have been expressed separately in
Escherichia coli. Optimized expression and purification
protocols allowed efficient production of these molecules
with a variety of isotopic enrichments, including15N, 15N/
13C, and15N/13C/2H for both EZ4 and VH and 2H for VL.
Backbone1HN, 15N, and13C resonance assignments have been
completed for EZ4 and the VH-domain of the Fv-fragment
both free in solution and in the ternary 32 kDa EZ4-Fv
complex. Resonances of both proteins undergo chemical shift
changes upon complex formation; residues experiencing the
most significant chemical shift changes are localized to
distinct surfaces of EZ4 and the VH-domain, thus allowing
identification of the binding interface.

MATERIALS AND METHODS

Materials.D2O (99.9% D) was purchased from Cambridge
Isotopes Laboratories. Isotopically enriched [13C6]-D-glucose
(>99%), [2H7]-D-glucose (>97%), [13C6, 2H7]-D-glucose
(>98% 13C, >97% 2H), [15N]ammonium chloride (>99%),
Celtone-U, Celtone-N, and Celtone-CN were purchased from
Martek, Inc.

Protein Expression.Protonated EZ4 was expressed under
the regulation of the alkaline phosphatase (phoA) promoter
and was secreted into the periplasm of a protease deficient
mutant ofE. coli strain W3110 as directed by the STII signal
sequence (26). Production of15N-labeled and15N/13C-labeled
protein was carried out as described previously (27), except
that upon completion of the growth phase cell pellets were
washed in 1/2 vol of fresh media lacking ammonium
chloride, glucose, and Celtone. The cells were subsequently
resuspended in a volume of production media, or growth
media lacking Celtone (which is the sole phosphate source)
equivalent to the original volume of growth media.

The Hu4D5-8 VH- and VL-domains, as well as deuterated
EZ4, were expressed under the regulation of thetaqpromoter
and secreted into the periplasm of a mutant ofE. coli strain
K12 through inclusion of the STII signal sequence (26).
Protein production using this system was found generally to
be higher in low-density fermentations than in shaker flasks;
therefore, cultures were grown in a BioFlow III (New
Brunswick) fermentor. Fermentations were carried out in a
volume of 1.5-2.0 L at 37°C, pH 7.0, with an agitation
rate of 500 rpm and an air flow rate of 5 L/min. The basal

fermentation media consisted of M9 minimal media contain-
ing 2 g/L glucose and 0.8 g/L NH4Cl, supplemented with
1.6 mg/L thiamine. An additional 3 g/L glucose, 1.2 g/L NH4-
Cl, and 2.4 mg/L thiamine was delivered via a solution fed
during induction at a rate incremented such that minimal
NaOH was required to maintain a steady-state pH of 7.0.
Deuterated protein production began with the following D2O
cell conditioning process: a starter culture was grown at
37 °C in LB media to anA600 of ∼0.6 and then diluted 40-
fold into a small volume of 90% D2O M9 media containing
100% protonated glucose. At anA600 of ∼1.8, the culture
was diluted 100-fold into M9 media deuterated to the extent
desired for the protein being produced. A drying column was
included in the air input line during deuterated fermentations
to minimize the introduction of air-born water to the culture.
Growth rates were typically∼50% slower and final cell
densities∼15% lower in perdeuterated fermentations com-
pared to protonated fermentations.

Protein Purification.Expression driven by either thephoA
or taq promoter did not lead to the accumulation of
significant amounts of protein in the culture media. Purifica-
tion of EZ4 was therefore as described previously for
E-domain (11) except that the only source of protein was
the periplasmic shockate. Affinity-purified protein was
further purified and simultaneously buffer exchanged through
size-exclusion chromatography. Protein was>95% pure as
determined by SDS-PAGE and was verified to have the
correct molecular mass via MALDI mass spectrometry.
Yields of purified EZ4 are listed in Table 1.

The VH-domain readily forms homodimers and higher
order aggregates when purified alone. Improved yields were
obtained when cell pellets containing VH and VL derived from
separate fermentations were resuspended together (∼250 g/L)
in ice-cold 10 mM Tris buffer, pH 7.5, containing 1 mM
EDTA and 0.1 mM PMSF, and the two domains copurified
as the Fv-fragment. The resulting suspension was stirred at
4 °C for 30 min and then centrifuged. The periplasmic
shockate was then loaded directly onto a protein A-Sepharose
4 Fast Flow column (Pharmacia). The desired heterodimeric
protein was subsequently separated from homodimeric VH

(20-25%) and high molecular weight aggregates (<5%) and
buffer exchanged using size-exclusion chromatography. The
resulting Fv-fragment was>95% pure as determined by
SDS-PAGE and the molecular mass was verified via
MALDI mass spectrometry. Yields of purified Fv are listed
in Table 1.

EZ4 samples contained 0.5-1.5 mM EZ4 and, in the case
of samples of the complex,∼50% excess Fv. VH-samples
contained 1.0-1.5 mM Fv and, in samples of the complex,
∼50% excess EZ4. Protein concentrations were verified

Table 1: Yields of Purified Components of the EZ4-Fv Complex

promoter yield (mg/L culture)
1H VH + 1H VL

a taq 50
15N/13C/1H VH + 2H VL

a taq 42
15N/13C/2H VH + 2H VL

a taq 30
1H EZ4 phoA 180
1H/15N EZ4 phoA 180
15N/13C/1H EZ4 phoA 220
15N/13C/2H EZ4 taq 22
a Yields represent the amount of Fv obtained from 1 L of VH-culture

plus 1 L of VL-culture.
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through amino acid analysis. Levels of isotopic enrichment
were verified through MALDI mass spectrometry.15N
labeling was>99%; 13C labeling was>99% in 15N/13C-
EZ4 or 15N/13C-VH and>98% in 15N/13C/2H-EZ4 or 15N/
13C/2H-VH. 2H-labeling was>99% in perdeuterated-VL,
>95% in deuterated-EZ4, and>90% in deuterated-VH. All
NMR samples contain 50 mM sodium phosphate, pH 5.7,
15-25 mM NaCl,∼0.1 mM EDTA, 0.02% sodium azide,
and 92% H2O/8% D2O.

NMR Spectroscopy.All NMR spectra were acquired at
35 °C. Most spectra were acquired on either a Bruker
AMX500 or DRX500 spectrometer equipped with Bruker
5-mm inverse triple-resonance probes with three-axis gradient
coils. Additionally, several experiments were acquired on
either 600 or 800 MHz Varian Inova spectrometers equipped
with Varian 5-mm inverse triple-resonance probes with three-
axis gradient coils. Proton chemical shifts were referenced
to internal 3-(trimethyl-silyl)propane-1,1,2,2,3,3-d6-sulfonic
acid, sodium salt (DSS-d6; Isotec) and15N and13C chemical
shifts were referenced indirectly to liquid ammonia and DSS,
respectively (28). Backbone1HN, 15N, and 13C resonances
were assigned sequentially using through-bond heteronuclear
correlation experiments (29); experimental details are sum-
marized in Table 2. Quadrature detection in the indirectly
detected dimensions was achieved using the States-TPPI

method (30). Solvent suppression in the15N-HSQC experi-
ments was achieved using the water “flip-back” method (31).
In the15N-NOESY-HSQC experiments, solvent suppression
was achieved via binomial excitation (32), with appropriate
modifications to minimize the deleterious effects of radiation
damping of the water signal (33, 34). Triple resonance
experiments included15N coherence selection via pulsed field
gradients (35, 36), except for those acquired at 600 or 800
MHz, which were modified to include the TROSY scheme
with sensitivity enhancement and water flip-back (37-39).
1H and 2H broad-band decoupling was achieved using the
WALTZ-16 sequence (40) where appropriate while GARP-1
(41) was used for15N decoupling during acquisition.13CR

and13CO decoupling was achieved through either selective
180° pulses or SEDUCE-1 composite pulse decoupling (42,
43). All spectra were processed and analyzed on a Silicon
Graphics Indigo 2 workstation using the FELIX 97.0
software package.

RESULTS

Choice of E-Domain Construct.Previous studies indicated
that wild-type E-domain has a low thermal stability (Tm )
43 °C) and a propensity to aggregate and form a highly
viscous gel after several hours at millimolar concentration
and 35°C (11, 16). Z-domain [the G27A mutant of B-domain

Table 2: Acquisition Parameters for NMR Experiments Performed on the EZ4-Fv complex

acquired data matrixa (nucleus) spectral widths (Hz)
experiment t1 t2 t3 F1 F2 F3

no. of
transients ref

15N/13C-labeled EZ4
15N-HSQCb 128 (15N) 2048 (1H) 1562.5 12 500 16 55
HNCOb 32 (13CO) 32 (15N) 2048 (1H) 1509.2 1500 8012.8 32 36
HN(CO)CAb 32 (13CR) 32 (15N) 2048 (1H) 3125 1500 8012.8 32 56
HNCAb 32 (13CR) 32 (15N) 2048 (1H) 3125 1500 8012.8 32 56
(H)C(CO)NH-TOCSYb 64 (13C) 32 (15N) 1024 (1H) 6800.4 1250 6250 32 57, 58

15N/13C/2H-labeled EZ4
15N-HSQCb 128 (15N) 2048 (1H) 1562.5 12 500 16 55
HNCOb 32 (13CO) 20 (15N) 2048 (1H) 1509.2 925.9 8012.8 16 36
HNCAb 32 (13CR) 22 (15N) 2048 (1H) 3125 925.9 8012.8 16 59
HN(COCA)CBb 42 (13Câ) 24 (15N) 2048 (1H) 5451.4 1087 6250 32 60

15N/13C/2H-labeled EZ4+ unlabeled Fv
15N-HSQCb 150 (15N) 2048 (1H) 1500 12 500 16-64 55
HNCOb 32 (13CO) 20 (15N) 2048 (1H) 1509.2 925.9 8012.8 64 36
HN(CA)COb 32 (13CO) 20 (15N) 2048 (1H) 1509.2 925.9 8012.8 192 61
HN(CO)CAb 32 (13CR) 22 (15N) 2048 (1H) 3125 925.9 8012.8 64 60
HNCAb 32 (13CR) 22 (15N) 2048 (1H) 3125 925.9 8012.8 96 59
HN(COCA)CBb 42 (13Câ) 20 (15N) 2048 (1H) 6273.5 925.9 8012.8 128 60
HN(CA)CBb 42 (13Câ) 20 (15N) 2048 (1H) 6273.5 925.9 8012.8 160 60
15N-NOESY-HSQCc,d 88 (1H) 40 (15N) 2048 (1H) 9090.9 1785.7 12500 16 62

15N/13C/2H-labeled VH + 2H-labeled VL
15N-HSQCb,e 150 (15N) 2048 (1H) 1500 12 500 8-64 55
HNCOe 32 (13CO) 32 (15N) 2048 (1H) 1509.2 1500 8064.5 32 36
HN(CA)COe 31f (13CO) 32 (15N) 2048 (1H) 1509.2 1500 8064.5 64 61
HN(CO)CAe 32 (13CR) 32 (15N) 2048 (1H) 3125 1519.8 8064.5 32 60
HNCAe 32 (13CR) 32 (15N) 2048 (1H) 3125 1519.8 8064.5 16 59
HN(COCA)CBe 48 (13Câ) 24 (15N) 2048 (1H) 6273.5 1519.8 8064.5 32 60
HN(CA)CBe 46f (13Câ) 32 (15N) 2048 (1H) 6273.5 1519.8 8064.5 32 60

15N/13C-labeled VH + 2H-labeled VL
15N-HSQCe 150 (15N) 2048 (1H) 1500 12 500 8-64 55
HNCOe 18f (13CO) 32 (15N) 2048 (1H) 1509.2 1500 8064.5 32 36
HN(CO)CAe 32 (13CR) 32 (15N) 2048 (1H) 3125 1519.8 8064.5 32 60
HNCAe 32 (13CR) 32 (15N) 2048 (1H) 3125 1519.8 8064.5 16 59
CB(CACO)NHb 32 (13Câ) 32 (15N) 2048 (1H) 7541.5 1519.8 6250 32 36

15N/13C/2H-labeled VH + 2H-labeled VL + unlabeled EZ4
15N-HSQCb 128 (15N) 4096 (1H) 1562.5 12 500 64-128 55
HNCOb 32 (13CO) 32 (15N) 2048 (1H) 1509.2 1500 8012.8 64 56
HN(CO)CAb 28 (13CR) 28 (15N) 2048 (1H) 3125 1500 8012.8 128 60
HNCAb 28 (13CR) 28 (15N) 2048 (1H) 3125 1500 8012.8 128 59
TROSY-HNCOc 120 (13CO) 50 (15N) 1376 (1H) 1509.2 2000 15625 64 38
TROSY-HN(COCA)CBg 28 (13Câ) 28 (15N) 1216 (1H) 3125 1666.7 12500 128 39, 60
TROSY-HN(CA)CBg 28 (13Câ) 28 (15N) 1216 (1H) 3125 1666.7 12500 128 39, 60
15N-NOESY-HSQCc,h 128 (1H) 46 (15N) 2752 (1H) 9090.9 2604.2 15625 8 62

a Complex data points.b Data acquired on a Bruker DRX 500 MHz spectrometer.c Data acquired on a Varian Inova 800 MHz spectrometer.
d Mixing time, 100 ms.e Data acquired on a Bruker AMX 500 MHz spectrometer.f Acquisition ended prematurely due to hardware failure.g Data
acquired on a Varian Inova 600 MHz spectrometer.h Mixing time, 90 ms.
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(14)] does not exhibit this behavior, but it also does not bind
Fv. Four of 11 possible E-to-Z substitutions (V14I, 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 (Tm ) 63 °C) and a reduced
tendency to aggregate compared to wild-type E-domain while
maintaining tight Fv-association [Kd ) 12.5 ( 0.8 µM for
EZ4 (R. F. Kelley, unpublished results) versus 5.0( 0.8
µM for E-domain (16)]. 1H and15N chemical shifts of EZ4
are similar to those of wild-type E-domain, indicating that
the three-helix-bundle structure (11) 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 15N-labeled EZ4 results in HSQC spectra that exhibit
cross-peaks corresponding to both free and Fv-bound states
in slow exchange, as observed previously with15N-labeled
E-domain (16). Similarly, HSQC spectra acquired on samples
containing15N-labeled-VH, unlabeled-VL, and substoichio-
metric amounts of unlabeled-EZ4 also produced two sets of
resonances corresponding to free- and EZ4-bound states of
Fv in slow exchange. The average1HN-line widths of the
peaks in spectra of bound EZ4 in the presence of 50% excess
Fv were 24( 4 Hz.

Backbone Resonance Assignments of Free and FV-Bound
EZ4.Samples containing15N/13C-labeled EZ4 were used in
the triple-resonance experiments listed in Table 2 to obtain
backbone resonance assignments for free EZ4. Amide
correlations for all nonproline residues, except the first three
residues from the N-terminus, were observed in these
experiments. The (H)C(CO)NH-TOCSY experiment allowed
sets of1HN, 15N, and13C resonances to be assigned to specific
amino acid types. Data from this experiment, in combination
with the HNCO, HNCA, and HN(CO)CA experiments, were
sufficient to assign the backbone (1HN, 15N, 13CO, and13CR)
and13Câ resonances of all residues, except Ala1, Gln2, and
His3 and the13CO resonances of residues N-terminal to

prolines. The observed correlations are summarized in Figure
1A.

Spectra were also acquired on15N/13C/2H-labeled EZ4
(Table 2) and assigned by inspection using assignments for
the protonated protein. The two sets of resonance assignments
were used to deduce2H-isotope-shifts for13CR and 13Câ

resonances.
15N-HSQC spectra for free and Fv-bound EZ4 are shown

superposed in Figure 2. The backbone resonances for Fv-
bound EZ4 were assigned using the experiments listed in
Table 2 collected on a sample containing15N/13C/2H-labeled
EZ4 and excess unlabeled-Fv. Amide correlations for all
nonproline residues, except the first three residues from the

FIGURE 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 spectra:13COi, HN(CA)CO; 13COi-1,
HNCO; 13Ci

R, HNCA; 13Ci-1
R , HN(CO)CA and/or HNCA [and/or (H)C(CO)NH-TOCSY (A)];13Ci

â, HN(CA)CB; 13Ci-1
â , (H)C(CO)NH-

TOCSY (A) or HN(COCA)CB (B);dNN, 1HN-1HN sequential and medium-range NOE correlations from15N-NOESY-HSQC of Fv-bound
EZ4. Side-chain correlations observed in the (H)C(CO)NH-TOCSY spectrum of free EZ4 are not shown.

FIGURE 2: Superposition of 2D1H/15N-HSQC spectra of free (red)
and Fv-bound15N/13C/2H-labeled EZ4 (blue). The EZ4 concentra-
tion is ∼1 mM in both states. Assignments for several peaks
significantly perturbed upon Fv binding are indicated.
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N-terminus, were observed in two or more of these experi-
ments. Rather weak correlations were observed, however,
in the HN(CA)CO, HN(CA)CB, and HN(COCA)CB triple-
resonance experiments acquired on Fv-bound EZ4 for a
number of residues postulated previously to be involved in
binding of E-domain to Fv (16); 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 sequential1HN-1HN NOEs
in a 15N-edited NOESY-HSQC spectrum (Figure 1B). In
addition, alli-i+2 andi-i+3 1HN-1HN distances less than
5 Å in a model of EZ4 [based on the solution structure of
E-domain (11)] produced observable NOEs in the15N-edited
NOESY-HSQC spectrum (the only exceptions involved
resonance degeneracy or overlap with diagonal peaks)
(Figure 1B), indicating that the helical secondary structure
of the domain is preserved upon Fv-binding.

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 assigned13CO, 13CR, and 13Câ resonances (Figures
S1 and S2). Consensus chemical shift index (CSI) values
(44), based on these chemical shift differences, are shown
in Figure 3, for EZ4 residues in the free and bound states,
respectively. The consensus CSIs for the free and bound
states are identical and are consistent with the helical
secondary structure of SpA-domains. Note that the2H-
isotope-shifts for the bound state could not be measured
reliably due to the poor quality of the data observed for
protonated, Fv-bound, EZ4 (data not shown); the bound-
state chemical shift data presented in Figures S2 and 3B were
corrected using the2H-isotope-shifts measured for the free-
state.

VH-Domain Backbone Resonance Assignments in the Free
and EZ4-Bound FV-Fragment.The Hu4D5-8 VH-backbone
resonances were assigned in the free Fv-fragment using the
experiments listed in Table 2 acquired on a sample containing
15N/13C/2H-labeled VH and perdeuterated-VL. Amide reso-
nances were assigned for 106 of the 117 nonproline VH-
residues. Additionally, 111 of 12013CO resonances, 114 of
12013CR resonances, and 94 of 10513Câ VH-resonances were
assigned. The correlations observed for each residue in the
triple-resonance spectra are summarized in Figure 4A. Ten
of the 11 unobserved amide protons participate in cross-
strand hydrogen bonds in the crystal structure of the domain
(45), ruling out chemical exchange with solvent as an
explanation for the lack of observable signal (the 11th is at
the N-terminus). When mapped onto the X-ray structure of
the domain, these residues form a distinct cluster, adjacent
to the VH-VL interface, that includes sections of strand A
from â-sheet 1 and strands C, F, and G fromâ-sheet 2 as
illustrated in Figure 5. In addition, many resonances corre-
sponding to residues within CDR3 are broadened signifi-
cantly. A total of six crystallographically unique copies of
the 4D5 VH-domain structure are available; the largest
deviation in conformation between the structures occurs in
CDR3 (45), suggesting that conformational exchange involv-
ing CDR3 is the likely cause of the missing signals. This
hypothesis is supported by the results of an NMR analysis
performed on a single-chain Fv-fragment in which assign-

ments were also lacking for similar regions of strands F and
G (46); the authors suggest that the lack of information
obtained for these regions may be due to an intrinsic dynamic
property of CDR3. Exchange broadening of VH-CDR3 amide
resonances has also been reported for the Fv-fragment of a
murine anti-dansyl IgG2a antibody (47).

Experiments were also acquired on a sample containing
15N/13C-labeled-VH and perdeuterated-VL as listed in Table
2. Resonances in these experiments were assigned by
inspection and the assignments used to derive2H-isotope-
shifts for the13CR and 13Câ resonances of the VH-domain.

15N-HSQC spectra for the VH-domain in the free and EZ4-
bound Fv-fragment are shown superposed in Figure 6.
Significant line width variations are evident in both spectra
with average1H VH-domain line widths of 17( 5 and 36(
7 Hz in the spectra of the free and EZ4-bound Fv-fragment,
respectively. Backbone resonance assignments of the VH-
domain in the EZ4-bound Fv-fragment were obtained using
the experiments listed in Table 2 acquired on a sample
containing15N/13C/2H-labeled-VH and perdeuterated-VL in
the presence of excess unlabeled-EZ4. Preliminary VH-
backbone assignments of the EZ4-bound Fv were possible
using only the HNCO, HNCA, and HN(CO)CA experiments,
together with the VH-assignments from the free Fv-fragment,
because many residues did not experience significant changes
in chemical shift upon formation of the complex. These
preliminary assignments were confirmed through later analy-
sis of the TROSY-type HN(CA)CB and HN(COCA)CB
experiments collected at 800 MHz. Amide resonances for
80 of 117 nonproline VH-domain residues were assigned in
addition to 80 of 12013CO, 93 of 12013CR, and 74 of 105
13Câ VH-resonances. The VH-domain correlations observed
in triple-resonance experiments acquired on the EZ4-bound
Fv-fragment are summarized in Figure 4B. Residues lacking

FIGURE 3: Consensus CSIs for free (A) and Fv-bound (B) EZ4.
The secondary structure observed for free E-domain (11) is shown
schematically at the top of each panel.
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observable amide resonances include all but two residues
from CDR3 and, with the exceptions of Cys22, Ile69, Ser70,
and Ser82B, form a contiguous region within the VH-domain
composed of residues within and proximal to CDR3,

suggesting further that flexibility in this region of the domain
is the primary origin of the observed linebroadening. Note
that these resonances were already broadened significantly
in the free Fv; their loss on complex formation is probably

FIGURE 4: Schematic representation of the VH-domain backbone correlations observed for free (A, open) and EZ4-bound (B, filled) Fv.
The presence of a cross-peak for a given residue is indicated by a bar. The correlations are found in the following spectra:13COi, HN(CA)CO;
13COi-1, HNCO; 13Ci

R, HNCA; 13Ci-1
R , HN(CO)CA, and/or HNCA;13Ci

â, HN(CA)CB; 13Ci-1
â , HN(COCA)CB; dNN, 1HN-1HN sequential

NOE correlations from15N-NOESY-HSQC of EZ4-bound Fv.

FIGURE 5: Schematic representation of the Fv crystal structure [PDB
accession code 1FVC (45)] illustrating the locations of VH-residues
for which amide resonances were not observed in the free
Fv-fragment (violet). The strands of the VH-domain are labeled.
The VL-domain is shown in gray. This figure was generated using
the program MOLSCRIPT (63).

FIGURE 6: Superposition of 2D1H/15N-HSQC spectra of the VH-
domain in the free (red) and EZ4-bound (blue)15N/13C/2H-labeled
Fv-fragment. Both spectra were acquired on samples containing
∼1.5 mM Fv. Assignments for several peaks significantly perturbed
upon EZ4 binding are indicated.
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a direct result of the increased molecular mass and con-
comitant increase in rotational correlation time rather than
any change in the local dynamic properties of CDR3.

Additional confirmation of the assignments was provided
by the presence of sequential1HN-1HN NOEs observed in a
15N-edited NOESY-HSQC spectrum acquired on the sample
containing 15N/13C/2H-labeled-VH, perdeuterated-VL, and
excess unlabeled-EZ4 (Table 2). In addition to the sequential
NOE correlations, all of the expected medium-range (|i - j|
< 5) and long-range (|i - j| g 5) NOEs corresponding to
1HN-1HN distances ofe4.5 Å in the Fv crystal structure
were observed (where the expectation accounts for the
unassigned amide resonances as well as resonance degenera-
cies and overlap with diagonal peaks). Observation of these
NOEs indicates that the structure of the VH-domain is
essentially unchanged by SpA-domain binding.

Backbone VH-resonance assignments for the free and EZ4-
bound Fv-fragment are provided in the Supporting Informa-
tion (Table S1). Plots showing deviations from random coil
chemical shift values for assigned VH-domain13CO, 13CR,
and 13Câ resonances in the free Fv and in the EZ4-bound
state are also provided in the Supporting Information (Figures
S3 and S4). The consensus chemical shift index values (44)
for each state are shown in Figure 7. The chemical shift data
for the bound state were corrected on the basis of2H-isotope-
shifts measured for the free state. In general, the agreement
between the secondary structure predicted using the CSIs
and that observed in the crystal structure of the VH-domain
is good for the free state and for the assigned regions in the
EZ4-bound state.

Chemical Shift Mapping of Binding Sites.Numerous
protein-binding surfaces have been mapped through the

observation of changes in chemical shifts between the free
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
exchange, however, the bound peaks are frequently not
assigned. Rather, resonances that show no apparent shift on
complex formation (i.e., a peak is observed at the same
position in both free and bound spectra) are tentatively
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 changes (50). 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 (51).

In the present study, backbone resonance assignments have
been completed for both the free and bound members of the
complex. The weighted net change in chemical shift for
correlations observed in HNCO spectra acquired on EZ4 and
the VH-domain were calculated according to

where ∆δ is the combined chemical shift difference, and
∆δ1HN, ∆δ15N, and ∆δ13CO are the 1ΗΝ, 15Ν, and 13CO
chemical shift differences in parts per million, respectively,
between the HNCO correlations for the free and bound
proteins (50). The results of the calculation for EZ4 are
shown in Figure 8A. An arbitrary∆δcutoff value of 0.13 ppm
was selected to provide a reasonable degree of discrimination
between VH-domain-binding-site and non-binding-site resi-
dues. The deduced binding-site residues are shown mapped
onto a model of EZ4 [based on the solution structure of
E-domain (11)] in Figure 8B and include Asn21-Ala22,
Gln24-Ile29, Ser31-Asp35, Ser37-Gln47, and Leu49-
Asp51. This set of residues includes most of helices 2 and
3 in the solution structure of E-domain.

The results of the calculation for the VH-domain are shown
in Figure 9A. The VH-residue numbering is consistent with
that of Kabat et al. (52). As for EZ4, a 0.13 ppm∆δcutoff

value was used to discriminate between EZ4-binding-site and
non-binding-site residues; binding-site residues identified in
this way include Gly15-Ser21, Ala23, Tyr56-Tyr59, Val63-
Gly65, Thr68, Ala71, Asp72, and Tyr79-Asn82A, Leu82C,
and Arg83. The large changes in backbone chemical shifts
observed for Tyr56, Gly65, and Thr68 (Figure 9A) are most
likely due to the proximity of the backbone nuclei to aromatic
rings, rather than any gross conformational changes upon
complex formation. VH-domain residues Cys22, Ile69, Ser70,
and Ser82B, which are sequentially adjacent to those that
experienced significant chemical shift changes on binding,
did not have observable amide signals in the EZ4-bound
state. These resonances were observed in the free Fv; in this
case, the differential broadening observed on binding sug-
gests that these residues may also be part of the EZ4-binding
site. The combined residue set is shown mapped onto the

FIGURE 7: Consensus CSIs for VH-residues in free (A) and EZ4-
bound (B) Fv. The secondary structure observed in the crystal
structures of the VH-domain is shown schematically above each
panel. Absence of chemical shift data is indicated by gray bars.
The residue numbering is consistent with that of Kabat et al. (52).

∆δ ) [∆δ1HN
2 + 0.17∆δ15N

2 + 0.39∆δ13CO
2]1/2
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crystal structure of the VH-domain (45) in Figure 9B and
includes sections of strands B, D, and E ofâ-sheet 1 and
strand C′′ of â-sheet 2.

DISCUSSION

Description of the Mapped Binding Surfaces.The surface
of SpA-domains involved in Fc-binding was shown previ-
ously to include residues from helices 1 and 2 (15). The
deduced Fv-binding-surface (Figures 8B and 10) is distinct
from the Fc-binding surface in that it includes residues from
helices 2 and 3, consistent with the observation that SpA
domains can bind both Fc and Fab simultaneously (6, 16).

The largely hydrophilic Fv-binding-surface comprises a
small, central hydrophobic region bordered by charged and
polar residues. The EZ4-binding surface of the VH-domain
(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 SpA-Fv interface
is in contrast to the predominantly hydrophobic interface
observed in the SpA-Fc complex (15).

The SpA-binding-surface identified in the present study
confirms previous speculation, based on VH sequence

FIGURE 8: (A) Plot of weighted net change in EZ4 chemical shifts,
∆δ (ppm), for1HN, 15N, and13CO resonances in HNCO spectra of
free and Fv-bound EZ4 (see text), versus residue number. Regions
of secondary structure observed in the free domain are indicated at
the top of the figure. The threshold used to differentiate between
significantly perturbed and unperturbed residues,∆δcutoff ) 0.13
ppm, is shown as a dashed line. (B) Schematic representation of
the E-domain solution structure [PDB accession code 1EDK (11)]
illustrating EZ4-residues whose backbone1HN, 15N, and 13CO
resonances are perturbed upon Fv binding. Residues that experience
significant chemical shift changes on complex formation are colored
red. This figure was generated using the program MOLSCRIPT
(63).

FIGURE 9: (A) Plot of weighted net change in VH-chemical shift,
∆δ (ppm), for1HN, 15N, and13CO resonances in HNCO spectra of
free and EZ4-bound Fv, versus residue number. The framework
regions, complementarity determining regions, hypervariable re-
gions, and secondary structure are indicated at the top of the figure.
The threshold used to differentiate between significantly perturbed
and unperturbed residues,∆δcutoff ) 0.13 ppm, is shown as a dashed
line. (B) Schematic representation of the Fv crystal structure [PDB
accession code 1FVC (45)] illustrating VH-residues whose backbone
1HN, 15N, and13CO resonances are perturbed upon EZ4 binding.
Residues that experience significant chemical shift changes on
complex formation are colored red, while residues Cys22, Ile69,
Ser70, and Ser82B, that were differentially broadened on complex
formation, are colored violet. The VL-domain is shown in gray.
The antigen-binding site is at the bottom in this view. This figure
was generated using the program MOLSCRIPT (63).
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analyses, that residues in FR1, the C-terminal section of
CDR2, and FR3 of VH3-domains are important for SpA
binding (19-22). The present results are also in good
agreement with those of Riechmann and Davies (18),
although they concluded that chemical shift perturbations in
â-strand C′′ were likely due to indirect effects rather than
direct contact. While this remains a formal possibility, we
believe that the complementarity observed in the two surfaces
mapped in Figure 10, together with the results of functional
studies (see discussion below), argues strongly for this region
of CDR2 to be included in the SpA-binding site. An
exception might be Tyr56, which is located on the edge of
the mapped binding surface (Figure 10) and may not
necessarily contact EZ4 directly; the side chain of this
conserved CDR2 residue has been shown previously to
contribute ∼1 kcal mol-1 to HER2 binding (53). Note,
however, that no part of any VH-domain hypervariable loop
is included in the proposed contact surface, consistent with
the fact that SpA-domains are capable of binding highly
diverse VH3-sequences and do not usually affect antigen
binding.

Complementarity of the Mapped Binding Surfaces. Inspec-
tion of the binding surfaces (Figure 10) reveals apparent
charge complementarity that suggests a possible binding
orientation for the two domains with respect to each another.
Figure 10 shows an “open-book” representation of this likely
binding mode. Such a binding mode would allow several
salt-bridges to form at the interface of the complex: (EZ4-
residue/Fv-residue) Asp34 or Asp35/Arg66 or Arg83; Glu45/

Arg19; Glu23/Arg58; and Lys48/Asp72. This set of inter-
actions leaves Lys64 as the only VH-residue within the
binding surface lacking a compensating charge within the
EZ4 VH-binding surface; this residue interacts with Asp61
in the crystal structure of the Fv. The proposed electrostatic
interactions could occur simultaneously with little change
in the conformations of either EZ4 or Fv upon complex
formation, as expected based on the NOE and CSI analyses
of the free and bound proteins. The binding surfaces are
relatively flat, although closer inspection reveals several
shallow grooves and ridges that also provide shape comple-
mentarity consistent with the binding orientation suggested
on the basis of the electrostatic interactions.

The proposed binding orientation offers an explanation for
the greatly reduced VH-binding affinity observed for Z-
domain [G27A mutant of B-domain (14)] in that the presence
of a methyl group at position 27 would lead to a steric clash
with Tyr59 and/or Gly65, residues that are completely
conserved in germ-line VH3-sequences.

VH-Segment Binding Specificity of SpA-Domains.Tom-
linson et al. estimate the number of human germ-line VH-
gene segments to be 83, of which 29 are classified as
belonging to family 3 (54). Variable region binding by SpA-
repeats is known to involve preferentially a select subset of
the VH3-family of gene segments (4-7). Analysis of potential
interactions between the binding surfaces identified in the
present study, that follow necessarily from the proposed
binding orientation in the EZ4-Fv complex (Figure 10),
provides a basis for speculation on the observed specificity

FIGURE 10: Space-filling representations of EZ4 [model based on the solution structure of E-domain; PDB accession code 1EDK (11)]
(right) and the VH-domain [from the Fv crystal structure; PDB accession code 1FVC (45)] (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 than∆δcutoff; 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
II (Molecular Simulations, Inc.).
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of binding of SpA-domains for certain VH-domains. A
comparison of the amino acid sequences of germ-line VH-
families 1-5 (54), for the regions corresponding to those
involved in SpA binding to VH3, is given in Figure 11.

The proposed binding orientation is consistent with the
results of Randen et al. (23), who observed that four of five
non-SpA-binding VH3-domains studied contain acidic amino
acids at positions 57 or 58. In the proposed mode of binding,
negative charge at these positions would lead to unfavorable

electrostatic interactions with SpA residues 22 or 23 (note
that native SpA domains A-D 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 VH-position 57 restored
SpA binding.

Arg19 is conserved strictly in germ-line VH3-sequences
but is substituted conservatively with lysine in VH1-germ-
line sequences and in 50% of VH5-germ-line sequences; in
contrast, threonine and serine are conserved strictly at this
position in VH2- and VH4-germ-line sequences, respectively
(Figure 11). Additionally, a lysine or arginine is found at
position 83 in VH1-, VH3-, and VH5-germ-line sequences;
this residue is always an aspartate or threonine in VH2- and
VH4-germ-line sequences, respectively (Figure 11). The loss
of favorable electrostatic interactions between VH-residues
19 and 83 and SpA-residues 45 and 34/35, respectively,
potentially explains the lack of SpA-domain binding in VH-
families 2 and 4. The lack of SpA-domain binding exhibited
by VH1- and VH5-germ-line sequences might be explained
in part by differences in sequence between these families
and VH-family 3 in FR1 and FR3. Germ-line VH3-sequences
contain a conserved glycine at position 16 in contrast to all
other germ-line VH-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 VH-5 and the
majority of VH-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 VH3-sequences is conserved absolutely; this
sequence differs in at least two positions in the other germ-
line VH-families (Figure 11). These substitutions may also
result in additional unfavorable contributions to the SpA-
domain/VH-domain interaction in non-SpA-domain binding
VH-sequences.

CONCLUSION

The SpA and VH-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 and VH-domains.
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 ofS. aureus.
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FIGURE 11: Alignment of the amino acid composition for 82 germ-
line VH-sequences (from VH-families 1-5) within the four regions
identified as being involved in EZ4 binding to the VH3-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 consensus VH3
sequence is indicated by shading. The germ-line VH-sequences are
from Tomlinson et al. (54).
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