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ABSTRACT: Hydrogen-deuterium exchange experiments have been used to measure backbone amide proton 
(NH) exchange rates in the free and IgG-bound protein G B2-domain (GB2). Exchange rates were analyzed 
in terms of the free energy required for transient opening of an H-bonded N H  (AGO&, and exchange 
mechanisms were interpreted in the context of local and global opening motions. In free G B ~  at  22 OC, 28 
detectable NHs have AGO, values which approximate the free energy of thermal unfolding (AG,) obtained 
from calorimetry. This indicates that the majority of detectable NHs  exchange through a global unfolding 
mechanism, reflecting the cooperative two-state unfolding behavior observed thermodynamically [Alexander 
et al. (1992) Biochemistry 31,3597-36031. IgG binding results in a broadening of exchange rates and AGO, 
values, consistent with a less cooperative exchange mechanism than in free GB2. The large range of protection 
factors (1.3 to >210) also indicates that exchange does not occur cooperatively for all detectable NHs in 
bound Gs2. Nineteen of the detectable NHs  have significantly slowed exchange rates in the complex with 
protection factors >5 .  Residues with protection factors of the order of 100 or more occur in both the helix 
region (F30, K3 1, A34) and in the central core of the p-sheet (V6, F52, V54). The highest protection factors 
are consistent with a binding constant of - lo8 M-l. The pattern of high protection observed in the helix 
overlaps with the putative binding site suggested from previous studies. However, the highly protected 
residues in the central core of the @-sheet are removed from the putative binding interface. This suggests 
that IgG binding affects conformational dynamics in G B ~ .  The highly protected residues, which are mostly 
buried from the solvent-accessible surface, constitute the slow-exchange core of bound Gs2 and most likely 
exchange as a cooperative unit by global unfolding. Thus, the rigid slow-exchange core probably corresponds 
with the folding core of the bound protein. Residues with intermediate protection factors are situated 
further out from the slow-exchange core, and the smallest protection factor residues are near the surface 
or a t  the ends of @-strands. These latter residues can exchange in the complex without complete unfolding 
of bound G B ~ .  While these locally unfolded states are still energetically costly, they do not greatly disrupt 
IgG binding. However, globally unfolded states are not consistent with binding to IgG. 

Mapping of antigenic sites on proteins using hydrogen- 
deuterium (H-D) exchange was first described by Paterson 
et al. (1990). The basic principle is that main-chain amide 
protons (NHs) which are buried on protein-protein complex 
formation have slowed exchange rates when compared with 
the free protein (Brandt & Woodward, 1987; Werner & 
Wemmer, 1992; Zinn-Justin et al., 1993). The method used 
by Paterson et al. (1990) involved immobilization of the larger 
protein, an antibody, on a polymer support. The smaller 
protein, horse cytochrome c,  was bound to the immobilized 
antibody and incubated in a deuterated buffer system. After 
a specified time, exchange was quenched, the small protein 
eluted, and the degree of H-D exchange for individual NHs 
determined by 2D NMR spectroscopy. In this way, the 
antibody binding site was imprinted on the smaller protein 
and measured indirectly, thus avoiding the problem of 
analyzing a high molecular weight complex directly. The 
binding site determined from H-D exchange for cytochrome 
c was found to be consistent with prior epitope mapping studies. 

Recent studies have shown that some NHs outside the 
structural epitope can also have significantly slowed exchange 
behavior (Mayne et al., 1992; Benjamin et al., 1992). In the 
complex between hen egg lysozyme and the antibody HyHEL- 
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5 ,  a number of NHs remote from the crystallographic binding 
interface were also significantly protected (Benjamin et al., 
1992). These results suggest that antibody binding can have 
an effect on the conformational dynamics of the antigen. 

In this paper, we report exchange rate measurements in the 
free and immunoglobulin G- (IgG-) bound protein G B2- 
domain (denoted here as G B ~ )  using the H-D exchange method 
of Paterson et al. (1990). Protein G is a multidomain 
component of the cell wall of streptococcal species of the 
Lancefield group G and binds to all subclasses of human IgG 
by the constant Fc region (Myhre & Kronvall, 1977; Reis et 
al., 1984). BindingtotheFabfragment hasalsobeenobserved. 
Protein G is organized into functional domains similar to those 
of staphylococcal protein A (Akerstrom & Bjorck, 1986), 
and the IgG binding domains are similar in size. These 
domains have been shown to consist of two or three repeats 
of 55 amino acids separated by about 15 unique amino acids 
(Fahnestock et al., 1986). Protein G and protein A compete 
for binding at a site on the CH2-CH3 interface of IgG (Wright 
et al., 1977; Stoneetal., 1989). No homologyexists, however, 
between the IgG binding domains of protein A and protein 
G on the levels of either primary sequence or tertiary structure. 
The protein A structure consists of a three-helix bundle (Gouda 
et al., 1992). In contrast, the global fold of the 55 amino acid 
domains of protein G consists of a four-stranded @-sheet 
spanned by a helix as depicted in Figure 1 (Gronenborn et al., 
1991; Lian et al., 1991, 1992; Orban et al., 1992). While the 
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FIGURE 1: Schematic diagram of the global fold for protein G 
(Gronenborn et al., 1991) generated using MOLSCRIPT (Kraulis, 
1991). 

crystal structure of the protein A-Fc complex has been 
determined (Deisenhofer, 198 l), no detailed structural in- 
formation has been available to date on the protein G-Fc 
complex. However, peptide mapping (Frick et al., 1992) and 
chemical shift perturbation experiments (Gronenbom & Clore, 
1993) implicate the helix and P3-strand of protein G in binding 
to IgG. 

Here, exchange rates in free and bound G B ~  are analyzed 
in terms of the structural unfolding model, in which the 
mechanism of exchange can be described by the reaction path 
(Hvidt & Nielsen, 1966) 

kn kc kr 

kf D20 t 
F(H) F= U(H) - U(D) F(D) (1) 

where kU, kf, and k, are the unfolding, folding, and intrinsic 
exchange rates, respectively, F is the native or folded state, 
and U represents open or unfolded states. Since stabilizing 
conditions more than 50 OC below the Tm were used (kf >> 
ku), and kf >> k, (EX2 limit), the measured exchange rate, kex, 
is given by 

k,, = kukc/k, = K,kc 

The free energy required for transient opening is then 

AGop = -RT In Kop = -RT ln(k,,/k,) (3) 

where K ,  is the equilibrium constant for transient opening 
and AG, is the free energy difference between folded and 
locally or globally unfolded states. 

The AG,,values from NH exchange are compared with the 
calorimetric free energy of thermal unfolding, AG", and 
exchange mechanisms in free and bound G B ~  are discussed. 
We show that IgG binding appears to affect dynamics in G B ~  
such that a number of distal NHs are as highly protected 
from exchangeas NHs buried at the putative binding interface. 

These results are discussed in the context of local and global 
opening motions in bound G B ~ .  

MATERIALS AND METHODS 

IgG- Binding Experiments. The protein G B2-domain was 
cloned, expressed, and purified as described in Alexander et 
al. (1 992). pH measurements in D2O (pD) were uncorrected 
and refer to direct meter readings. A typical binding 
experiment was carried out in the following manner. A slight 
excess of G B ~  (- 13 mg) was loaded onto a column of total 
human IgGSepharose (Pharmacia, 5-mL resin volume) in 
5-10 mL of phosphate-buffered saline (50 mM K2HP04/ 
KH2PO4,150 mM NaCl, pH 7.0) at 3 OC (cold room), followed 
by extensive washing (25 mL) to remove unbound G B ~ .  The 
column was then washed thoroughly with the corresponding 
deuterated phosphate-buffered saline (pD 7.0, 25 mL) and 
incubated at 3 "C for 1, 3, 27, 81, or 243 h. Additional 
experiments were carried out at 22 OC with incubation times 
of 2,9, and 18 h. The H-D exchange was quenched by washing 
the column with 5 mM deuterated ammonium acetate/D20 
(Cambridge Isotope Laboratories) (pD 5.0,25 mL), conditions 
which minimized further exchange but did not disrupt the 
I g G 4 ~ 2  complex. G B ~  was eluted from the support with 0.5 
M deuterated ammonium acetate/D20 solution (pD 3.0,25 
mL) to provide samples with a final pD -3.6. Samples were 
lyophilized and then ready for analysis by NMR. Control 
experiments were carried out by first incubating G B ~  (- 13 
mg) in deuterated phosphate buffer (pD 7.0, 1.65-mL 
approximate void vc!ume of column) for a specified time, 
then loading the sample onto an IgGSepharose column, 
rapidly lowering the pD to 5.0, and eluting as described above. 
Fresh samples O f  G B ~  were used for each H-D exchange time 
point. After each experiment, the IgGSepharose column 
was washed with 1 M acetic acid solution to remove any 
residual G B ~  from the column and then with phosphate- 
buffered saline until the eluent was back to pH 7. A single 
column was used for all the binding and control experiments. 

NMR Spectroscopy. NMR samples were prepared by 
dissolving lyophilized protein in 0.4 mL of 99.99% D20 
containing 100 mM NaOAc-d3 at pH 5.4. Sample concen- 
trations were -5  mM, and chemical shifts were referenced 
to external sodium 2,2-dimethyl-2-silapentane-5-sulfonate 
(DSS). All NMRspectra were recorded at 25 "Con a Bruker 
AMX-500 spectrometer and processed on a Silicon Graphics 
4D/35 workstation using FTNMR and FELIX (Hare 
Research Inc., Bothell, WA). NOESY (Jeener et al., 1979; 
Kumar et al., 1980) experiments were acquired in the 
hypercomplex mode (States et al., 1982) with standard phase- 
cycling schemes. The mixing time was 120 ms with up to 10% 
random variation to suppress zero quantum coherence (Macura 
et al., 198 1). All two-dimensional experiments were recorded 
with 1024 complex points in t2 and 400 increments in t1 with 
a spectral width of 6024 Hz in both dimensions. For each tl 
value, eight transients were collected with a relaxation delay 
of 2.0 s between scans. No solvent suppression methods were 
employed since the residual HOD signal was minimal. 
NOESY spectra were recorded immediately after dissolution 
in D20. A standard G B ~  sample in D20 was used to shim the 
magnet prior to insertion of H-D exchanged samples. The 
total data collection time for each sample, starting with the 
addition of D20, was 4.5 h. 

NOESY spectra were multiplied in 22 by a window function 
with a value of 1.0 for the first 256 points which dropped 
smoothly to zero at 1024 points as a sine-bell squared function. 
In the tl dimension, NOESY data were multiplied with a 90' 
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Table 1: Exchange Rates (h-I) for the Main-Chain Amide Protons of G B ~  at pH 7.0, 3 and 22 "C 

T = 3 ' C  T =  22 "C 

residue kr kb PI0 Pav phi kr kb PI0 Pa" phi 
Tyr3 
Lys4 
Leu5 
Val6 
Ile7 
AsnP 
Thr 186 
Ala20 
Ala26 
Glu27 
Lys28 
Ala29a 
Phe30 
Lys3 1 
Gln32 
Tyr33 
Ala34 
Am35 
Asp36 
Am37 
Val39 
Val42 
Thr44 
Asp46 

Thr51 
Phe52 
Thr53 
Val54 
Thr55 
Glu56 

Lys50 

0.010 
0.0035 
0.0019 
0.0012 
0.0135 
0.010 
0.50 
0.010 
0.0053 
0.0025 
0.0098 
0.0091 
0.0017 
0.0016 
0.0087 
0.013 
0.010 
0.0070 
0.007 1 
0.0050 
0.0074 
0.0085 
0.0020 
0.0023 
0.0070 
0.0018 
0.0015 
0.0013 
0.001 1 
0.0035 
0.0055 

0.0084 
<0.001 
<0.001 
<0.001 

0.0055 
0.0040 
0.093 
0.0025 

<0.001 
<0.001 

0.0019 
0.0051 

<0.001 
<0.001 

<0.001 
<0.001 
<0.0011 

0.0021 
0.0035 

0.0021 

0.0024 
0.0053 

0.0063 

<0.001 

<0.001 

<0.001 
<0.001 
<0.001 
<0.001 

0.0012 
0.0053 

1.1 
3.1 

>1.5 
>1.0 

2.4 

4.1 
2.6 

>4.4 
>1.8 

3.8 

>1.4 
>1.0 

1.2 

>8.6 
5.9 
3.0 
1.3 

>5.9 
3.6 

>1.0 
0.76 
1.3 

>1.8 
>1.0 
>1.0 
>1.0 

2.3 
0.85 

>11 

1.2 
>3.5 
>1.9 
>1.2 

2.45 
2.5 
5.4 
4.0 

>5.3 
>2.5 

5.2 
1.8 

>1.7 
>1.6 

1.4 
>13 
>10 

>6.4 
3.4 
1.4 

>7.4 
4.0 

>2.0 
1 .o 
1.32 

>1.8 
>1.5 
>1.3 
>1.1 

2.9 
1 .o 

1.3 
>3.9 
>2.9 
>1.3 

2.5 

6.7 
6.0 

>6.1 
>3.5 

6.7 

>2.0 
>2.0 

1.5 
>16 
>13 
>7.5 

3.7 
1.5 

4.4 
>3.8 

1.3 
1.4 

>1.8 
>2.0 
>1.8 
>1.2 

4.0 
1.4 

>10 

0.26 
0.21 
0.15 
0.11 
0.22 
0.17 

0.28 
0.27 
0.16 
0.24 
0.24 
0.14 
0.16 
0.18 
0.28 
0.25 
0.11 
0.13 
0.12 
0.1 1 
0.17 
0.15 
0.14 
0.14 
0.19 
0.18 
0.16 
0.13 
0.13 
0.15 

0.14 1.1 
0.013 15 
0.0044 21 

<0.0012 >87 
0.059 3.6 
0.066 

0.060 3.3 
0.020 8.9 
0.022 6.4 
0.045 3.0 
0.14 

<0.0018 43 
<0.0014 65 

0.095 1.7 
0.017 14 

<0.0012 170 
0.013 7.9 
0.047 2.3 
0.056 1.2 
0.0049 15 
0.033 4.4 
0.014 6.1 
0.053 1.7 
0.072 1.9 
0.019 9.5 

<0.001 >160 
0.0068 18 

<0.0018 52 
0.027 4.4 
0.12 1.2 

1.9 2.9 
16 19 
34 100 

>92 93 
3.7 3.9 
2.6 

4.7 6.7 
14 25 
7.3 9.4 
5.3 11 
1.7 

>78 >140 
>110 >190 

16 24 
>210 >280 

8.5 10 
2.8 3.0 
2.1 4.4 

1.9 2.2 

22 53 
5.2 5.8 

11 15 
2.6 4.0 
1.94 2.0 

10 11 
>180 >190 

24 38 
>72 >130 

4.8 5.4 
1.3 1.4 

0 Data obtained from one cross-peak. Not observed at 22 "C. 

shifted sine-bell squared function of 400 points. For all two- 
dimensional data, the first tl experiment was multiplied by 
0.5 to suppress tl ridge noise (Otting et al., 1985). 

Determination of Amide Proton Exchange Rates. Specific 
amide proton exchange rates in free GBZ (kfrce) and in the 
GBz-IgG complex (kbund)  were determined by integration of 
NOESY cross-peaks such as aCH(i)-NH(i) and OCH(i)- 
NH(i) at each time point, depending on the degree of peak 
overlap. In cases where these cross-peaks were too overlapped, 
alternative resolvable cross-peaks such as a, 8, or yCH(i- 
l)-NH(I) connectivities were used. Four well-resolved cross- 
peaks due to nonlabile protons, BCH(30)-6CH(30), aCH( 17)- 
pCH( 17), (uCH(33)-6CH(33), and @CH(45)-6CH(52), were 
integrated, and the average volume was used to normalize 
peak volumes between time points. The zero time point for 
normalized peak intensity at 3 OC was used as the zero time 
point for the 22 "C data. Estimated errors in peak volume 
integrals were obtained by integration of the noise level near 
the relevant cross-peak and were in the range 5-15% of the 
peak integral. Plots of normalized peak volume versus time 
were fitted to a single exponential decay, and exchange rates 
were determined from the slope of ln(peak volume) versus 
time. 

Random coil intrinsic exchange rates were calculated using 
procedures previously discussed (Englander et al., 1979; Roder 
et al., 1985; Robertson & Baldwin, 1991). Values used for 
the acid- and base-catalyzed rate constants at 0 OC were kD+ 

respectively (Roder et al., 1985). These rates were corrected 
for each main-chain amide group on the basis of the nearest- 
neighbor side chains (Molday et al., 1972). Exchange rates 
at 0 OC were extrapolated to 3 OC and 22 OC using the 
activation enthalpies M*D+ = 15 kcal mol-' and AH*oD- = 
2.6 kcal mol-' (Englander & Poulsen, 1969). The temperature 

= 5.78 X M-' s-' and koD- 4.33 X lo8 M-' S-', 

dependence of the water dissociation constant was accounted 
for using the relationship determined by Covington et al. 
(1966). 

RESULTS 

Amide Proton Exchange Rates in Free G B ~ .  Assignments 
of amide proton resonances were obtained from previous work 
(Orban et al., 1992). For a given residue, the amide proton 
exchange rate was generally obtained from more than one 
resolvable NOESY cross-peak and averaged. A complete list 
of exchange rates obtained for each cross-peak is provided in 
supplementary Table 1. NOESY spectra provided the option 
of using a number of alternative well-resolved NOE cross- 
peaks for the determination of exchange rates [cf. Werner 
and Wemmer (1992)l. For some NHs, the diagonal peaks 
were also sufficiently well resolved to be integrated. 

Exchange rates in free G B ~  were obtained for 30 of the 5 5  
main-chain NHs at 22 "C. At 3 "C, an additional N H  
resonance due to T18 could also be detected. Among 
H-bonded NHs, resonances due to G9, L12, G14, T16, and 
G38 were undetectable using the H-D exchange method 
described here. The non-H-bonded NHs exchanged too 
quickly to be detected using this method. 

The 30 slowest exchanging H-bonded NHs have rates which 
are clustered within an order of magnitude of each other at 
both 3 and 22 OC (Table 1). The variations in kf,, observed 
within this range are generally correlated with the overall 
secondary and tertiary structure of G B ~  (Figure 2). In the 
parallel-stranded @-sheet region, exchange rates are generally 
higher at the ends of each strand than in the center. For 
example, in the 81-strand Y3 and G9 have faster exchange 
rates than thecentral residues L5 and V6. Similar observations 
can be made for the P4-strand though the differences are 
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FIGURE 2: Plots of krm (open squares) and k b d  (closed circles) at 
22 O C  vs residue number. Values for (i)-(i+l) nearest neighbors are 
connected by solid lines (kfm) or dashed lines ( k b d ) .  

smaller. The rapid exchange of the NHs of L12, G14, T16, 
and T18 suggests that the B2-strand is distorted or somewhat 
more flexible than other strands forming the /3-sheet. This 
is consistent with the NOE data for G B ~  (Orban et al., 1992; 
Lian et al., 1992). 

In the helix, 1 1 H-bonded main-chain NHs can be detected 
corresponding to residues 26-37, and these rates appear to 
have a periodicity which parallels burial of NHs from the 
solvent-accessible surface for some residues. For example, 
the NH of F30 is buried and has a slower exchange rate than 
the surface NHs of K28 and Y33. However, a number of 
other NHs do not fit into this pattern. Most notably, A34NH 
is buried but has one of the fastest exchange rates of the set 
of detectable NHs. 

The loop structure connecting the helix to the @3-strand, 
L3, consists of a short extended chain conformation involving 
residuesG38, V39, D40, and G41. The NH of G38 exchanges 
too quickly to be observed. However, the NH of V39 forms 
an H-bond with the main-chain carbonyl oxygen of A34 
(Gronenborn et al., 1991) and exchanges slowly in D20. The 
remaining L3 residues, D40 and G4 1, do not appear to have 
H-bonded NHs, and exchange rates could not be obtained for 
these residues using the H-D exchange method. The main- 
chain NHs in L1, L2, and L4 also exchange too quickly to 
beobserved with the exception of K50, which forms an H-bond 
with D46. 

Using eq 3, AGO, was calculated for detectable NHs at 3 
and 22 OC. At 22 O C ,  AGO, values were clustered about a 
mean value of 7.2 f 0.5 kcal mol-', where the range is f l  
standard deviation (Figure 3A). The range of AGO, observed 
is quite narrow, as expected for a set of NHs with similar 
exchange kinetics. The only exception is E56NH, which is 
at the C-terminus of the main chain and has a AGO, value of 
5.6 kcal mol-'. The AGO, values for buried NHs such as L5, 
V6, F30, A34, F52, and V54 are within 1 kcal mol-' of those 
for surface NHs such as K28,Q32, and Y33. Similar results 
wereobserved at 3 "C (data not shown). Comparison of these 
values with the free energy of thermal unfolding (AG,) from 
differential scanning calorimetry (DSC; Alexander et al., 
1992) is summarized in Table 2. 

Amide Proton Exchange Rates and Protection Factors in 
the I ~ C - G B ~  Complex. Figure 4 shows part of the NOESY 
fingerprint region for free and bound G B ~  and demonstrates 
the effects of IgG binding on NH exchange. Representative 
binding curves are shown in Figure 5.  

At 3 OC, exchange rates in the complex were too slow for 
precise measurement for 16 of the 31 detectable NHs, with 
kbound < 0.001 h-'. At 22 "c ,  values for kbound were spread 

0 1 2  3 4 5 6 7 8 9 1 0 1 1  
AG (kcallmol) 

OP 

2 

0 

0 1 2 3 4 5 6 7 8 9 1 0 1 1  
AG (kcallmol) 

OP 

FIGURE 3: Histogram representation of the range of AG,values for 
detectable NHs at 22 OC vs the number of NHs in each range for 
(A) free G B ~  and (B) bound GBZ. In both graphs, the lowest AG, 
value obtained was for the NH of the C-terminal residue, E56. 

Table 2: Free Energies of Unfolding from NH Exchange and 
Calorimetric Data 

AG, (NH exchange)b 7.7 f 0.7 7.3 * 0.5 
AG, (NH exchange)c 6.6 f 0.5 6.1 f 0.5 
AG, (DSC)" 6.3 f 0.5 6.1 f 0.5 
Mean values (fl  standard deviation) are for the clustered set of 

AG, values at 3 and 22 OC and do not include T18 and E56. Calculated 
using correction factors from Molday et al. (1972). Calculated using 
correction factors from Bai et al. (1993). Extrapolated from thermal 
unfolding data at pH 5.4 (see text; Alexander et al.. 1992). 

over more than a factor of 100, compared with a factor of 2-3 
in the range of kf,, values (Figure 6). This corresponds to 
an increase and broadening of AGO, values (Figure 3B). No 
observable NHs exchanged faster upon complex formation, 
indicating no gross conformational change in G B ~  on binding 
to IgG. 

Protection factors were obtained at 3 and 22 OC and are 
quoted as average values, Pav [=kfrcc(a~)/k~und(av)] (Table 
1). In addition, the lower and upper limits of the range of P 
values observed for each residue are given as Pio and Phi, 
respectively. These values provide an estimate of errors in 
the measurement of protection factors. For most NHs, Phi 
is within a factor of 3 of Pio. Protection factors are summarized 
graphically in Figure 7. Where small enough for comparison, 
protection factors for a given residue at 3 and 22 "C were 
within experimental error. 

All detectable NH protons were protected to varying degrees 
with protection factors ranging from 1.3 to >2 10. Nineteen 
of the detectable NHs have P > 5 at 22 "C. Some exchange 
rates in complexed G B ~  were too slow to be measured for a 
number of NHs, even at 22 "C. These correspond to the most 
strongly protected NHs, which are V6 in the B1-strand; F30, 
K3 1, and A34 in the helix; and F52 and V54 in the 84-strand. 



5706 Biochemistry, Vol. 33, No. 19, 1994 Orban et al. 

8 ' 0 on7 o Q  
Q D36t 0 

Bound 
' ON35 0 0  
F30 

a 

10.0 9:5 9 : 0  8 : 5  8 : O  
PPm 

Free 

10.0 915 9:O 8:5 8 : O  V 

P Fm 

FIGURE 4: Part of the NOESY fingerprint region for the 9-h time point at 22 OC in IgG-bound G B ~  (left) and free G B ~  (right). Labeled peaks 
show aCH(i)-NH(i) connectivities for residues 6, 27, 31, 32, 34, 39, and 50; for residues 33, 35, 36, 52, 53, and 55, the BCH(i)-NH(i) 
connectivities are shown. Other labeled cross-peaks are aCH(i-1)-NH(i) correlations for residues 7 and 42, @CH(i-1)-NH(i) for residue 
44, and 7aCH-54NH for residue 54. 

2 0 0  10 20 s 
3 1.2- 432- le2: A34 12: K50 
8 1.0- 1.0- , 1.0-1 1 

0.8 - 0.8 - 
0.6 - 0.6 - 
0.4 - 0.4 - 
0.2 - 02 - 
0.0 + 

0 10 20 0 10 2 0 0  10 20 

0.4 

0.2 

0.0 
0 10 m 

1.21 Fs? 1 
1.0 +-I 

0 10 20 

Exchange Time (hours) 
FIGURE 5: Representative plots of normalized peak volume vs exchange time in free G B ~  (open squares) and IgG-bound G B ~  (closed circles). 
Values shown were obtained from aCH(i)-NH(i) cross-peaks, except for residues 30 and 31 where BCH(i)-NH(i) and -yCH(i)-NH(i) 
cross-peaks were used, respectively. 

-4 -3 -2 -1 0 
logkbound 

FIGURE 6: Comparison of kfm and k b d  values (h-l) for each residue 
(open squares) at 22 OC. Residues with the highest protection factors 
are furthest from the diagonal while residues with small protection 
factors are close to the diagonal. 

Other residues with high protection factors (P > 20) are L5, 
V39, and T53. The protection factors were mapped onto the 
three-dimensional structure of protein G (Figure 8), and a 

n 

1 6 11 16 21 26 31 36 41 46 51 56 

Residue Number 

FIGURE 7: Summary of protection factors at 22 OC as a function of 
residue number showing values of Pa" (hatched bars), Pb (filled bars), 
and Phi (open bars). The values for T18 are from 3 "C binding 
experiments. 

number of observations were made regarding the pattern of 
slowed exchange. First, highly protected residues with 
protection factors of the order of 100 or more occur in both 
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1 

N 

mediate P values a 
end of the helix. T 

11. Limited information can be obtained for 
since L 12, G 14, and T 16 exchange too quickly 
using the H-D exchange methods employed here. 

derived by Paterson et al. (1990) 

where [GsrIgG] - 0.27-0.55 mM. Thus, for 
protection factors between 180 and 210 (Tab 
association constant is calculated to be - lo8 M-l 
This value is consistent with association constants obtained 

itration calorimetry which show that Gsz binds to intact 
IgG with a ICa - lo8 M-l (pH 7.6,25 O C ;  Alexander 
in preparation). The free energy of binding obtained 

om titration calorimetry (-2.7 kcal mol-') is consistent 

where the free energy 
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et al., 1982). In this model, the exchange mechanism is highly 
localized, and neighboring protons can have very different 
exchange rates and activation energies depending on their 
solvent accessibility [e.g., Goodman and Kim (1991)l. The 
local unfolding model states that H-bonded structure must 
open transiently for exchange with the hydrated catalyst to 
take place. Transient opening will involve cooperative units 
of structure or “unfoldons”, the NHs of which will have similar 
exchange rates (Englander & Kallenbach, 1984; Mayne et 
al., 1992; Englander et al., 1992). In both models, H-bond 
breakage must occur for N H  exchange to take place. Data 
supporting both models have been reported in the literature, 
and extensive reviews have appeared on the nature of the 
exchange mechanism [e.g., Woodward et al. (1982), Wagner 
(1983), Englander and Kallenbach (1984), and Englander 
and Mayne (1 992)]. 

In view of the narrow range of exchange rates and AGO, 
values obtained in free GBZ, a cooperative exchange mechanism 
is likely for the majority of detectable NHs at 22 OC (Figure 
3A). If this is the case, then NHs which require global 
unfolding of the protein for exchange to occur should have 
AGO, values which are consistent with the free energy of 
thermal unfolding, AG,,, extrapolated to the appropriate 
temperature. The unfolding reaction of GBz has been examined 
using DSC and found to exhibit cooperative two-state behavior 
over a wide pH range with an unfolding transition near 80 OC 
at pH 7.0 (Alexander et al., 1992). The plot of AG,, vs 
temperature, calculated from thermal unfolding data using 
the Gibbs-Helmholtz equation, is a shallow parabola with a 
maximum at about 5 OC (Alexander et al., 1992). From this 
curve, the extrapolated values of AG,, at 22 and 3 OC are 
within experimental error of the AGO, values from N H  
exchange (Table 2). Therefore, the N H  exchange data 
indicate that the majority of detectable NHs have free energies 
of opening which approximate the free energy of thermal 
unfolding. Thus, it appears that unfolding events for surface 
NHs such as K28 and 4 3 2  are approximately as energetically 
costly as those for more buried NHs such as A34 and F52. 
This may in part be due to the efficient packing of the 
hydrophobic core of G B ~  as well as the extensive network of 
H-bonds with a high percentage (-90%) of residues involved 
in H-bonding/secondary structure. In such a cooperative unit 
of structure, even local unfolding events may be energetically 
demanding and disrupt hydrophobic packing and H-bonding 
leading to larger amplitude global unfolding. Some parts of 
the H-bonded structure, such as L12, G14, T16, and T18 of 
the /32-strand, do not fall into the group of slow exchangers. 
These NHs apparently exchange without complete unfolding 
of the protein. 

A number of possible sources of error may account for the 
discrepancy between AGO, values obtained by NMR and the 
calorimetric AG,,. These include extrapolation of the AG,, 
curve to low temperatures, measurement of exchange rates, 
calculation of intrinsic exchange rates, and possible overes- 
timation of exchange rates in unfolded states of the protein. 
These latter rates are equated with the intrinsic exchange 
rates calculated for an unstructured peptide. However, the 
unfolded state may not be completely unstructured, in which 
case exchange rates would be slower than in a random coil 
peptide. This, in turn, would lead to an overestimation of 
AGO, (eq 3). The AGO, values for slow-exchange NHs in 
BPTI are similarly 1-1.5 kcal mol-’ higher than AG,, values 
obtained from extrapolation of thermal unfolding data (Roder, 
1989). In addition, recent results on unligated and ligated 
staphylococcal nuclease show AGO, values 0.3-0.9 kcal mol-’ 
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higher than AG,, determined from urea denaturation experi- 
ments (Loh et al., 1993). It is noteworthy that a more recent 
set of correction factors for intrinsic exchange rates (Bai et 
al., 1993) provides mean values of AGO, which are closer to 
the extrapolated calorimetric AG,, (Table 2). 

A bound water molecule has been detected near the NHs 
of residues 32 and 33 in GBI, and a bifurcated H-bond involving 
a bridging water molecule between 33NH and 29CO has been 
proposed (Clore & Gronenborn, 1992). While the exchange 
rate of 33NH is the fastest of the detectable NHs at 22 OC 
(Table l ) ,  it is not fast in an absolute sense. This is perhaps 
not surprising since some NHs which H-bond to crystal- 
lographic water also have quite slow exchange rates (<0.4 
h-l) under similar conditions of pH and temperature (Mayne 
et al., 1992). As argued by Kim et al. (1993), slow exchange 
for some NHs H-bonded to water may be due to local rigidity 
which may constrain the N H  in a low reactivity conformation. 
Hence, the N H  of Y33 may exchange only when the protein 
undergoes large-amplitude unfolding. This idea is also 
consistent with a cooperative two-state unfolding model. 

Exchange Mechanisms in Bound Get. The binding of IgG 
to GBZ results in a broadening of exchange rates (Figure 6) 
and AGO, values (Figure 3B) relative to free GBZ. The large 
range of protection factors indicates that exchange does not 
occur cooperatively for all detectable NHs in bound GBZ. 
Clearly, if all NHs exchanged by a global unfolding mecha- 
nism, then all P values would be equally high. Since some 
residues have small P values, localized unfolding of these 
residues can occur without greatly altering binding to IgG. 
This is most evident in the helix where a distinct boundary 
exists between weakly and strongly protected NHs at A29- 
F30 and K31-432 (Table 1). The highly protected NHs, 
which are mostly buried, constitute the slow-exchange core 
of bound G B ~  (Figure 6) and most likely exchange by a 
cooperative global unfolding mechanism as in free G B ~ .  These 
residues probably make up the folding core of the bound protein 
(Woodward, 1993). In at least three other systems, BPTI 
(Roder & Wuthrich, 1986), cytochromec(Roderet al., 1988), 
and lysozyme (Radford et al., 1992), the slowest exchanging 
NHs generally correspond to parts of the molecule which fold 
early as determined by quenched-flow methods. 

The remaining NHs have small to intermediate protection 
factors. They are located at solvent-accessible positions in 
the helix, on the outer strands of the @-sheet, and at the ends 
of the inner &strands. These NHs can probably exchange 
through more localized, smaller amplitude unfolding motions 
in the complex which do not require complete unfolding of the 
bound protein. While these locally unfolded states are still 
energetically costly, they do not greatly disrupt IgG binding. 
Globally unfolded states are not consistent with binding to 
IgG, however. 

Implications of Protection Data with Respect to a Binding 
Surface. Of the nine most protected residues, six (L5, F30, 
A34, V39, F52, V54) have side chains buried in the 
hydrophobic core with a combined solvent-accessible surface 
area of -8.5 A2. The other three (V6, K31, and T53) have 
surface side chains. Peptide mapping (Frick et al., 1992) and 
chemical shift perturbation studies (Gronenborn & Clore, 
1993) indicate that the helix, part of L3, and the P3-strand 
form the binding surface. Residues V6 and T53 are removed 
from this putative binding site while the side chain of K31 
contributes - 100 A2 to the solvent-accessible surface and is 
a potential contact residue. The side chain of K3 1 is proximal 
to the indole ring of W43 (Figure 8), which has also been 
implicated in the binding surface (Gronenborn & Clore, 1993). 
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No protection factor could be determined for W43 due to its 
fast exchange. From crystallography, about 1000 A2 of 
solvent-accessible surface area is covered in the protein A-Fc 
complex, with mostly hydrophobic interactions between side 
chains stabilizing the complex (Deisenhofer, 1981). If a 
similar binding area exists for the protein G-Fc complex, 
then a number of other contacts involving side chains must 
also be present. It should be noted that, since total human 
IgG was used in this study, the protection factor map represents 
the average of binding to all four subclasses. 

Based on a comparison of our results with other studies on 
the mode of IgG binding to protein G (Frick et al., 1992; 
Gronenborn & Clore, 1993), the protected NHs of residues 
F30, K31, A34, and V39 are likely buried at the binding 
interface. In contrast, the strongly protected NHs in the @l- 
and @4-strands (L5, V6, F52, T53, and V54) are removed 
from the putative binding interface. The latter group of NHs 
could be highly protected due to IgG contact with side chains 
from the @3-strand, although the @3-NHs are not strongly 
protected themselves. Alternatively, the exchange rates of 
the strongly protected 81- and @4-NHs may be indirectly 
slowed through long-range interactions between nonpolar side 
chains in the helix and @-sheet. The side chains of L5, F30, 
A34, V39, F52, and V54 are buried and have extensive van 
der Waals contacts with each other (Figure 8). These 
interactions form the basis of the well-packed hydrophobic 
core of the protein. The effect of constraining the opening 
motions which lead to exchange of one of these hydrophobic 
residues by IgG binding may also constrain opening motions 
which result in exchange of other close contact hydrophobic 
residues through cooperative effects. 

The opening motions of either the H-bond donor or H-bond 
acceptor, or both, may affect the degree of protection. For 
example, although the side chain of V6 is not involved in the 
hydrophobic core, its N H  is highly protected from exchange 
in the complex. The H-bond acceptor is F52C0, and the F52 
aromatic side chain is involved in a number of close contacts 
in the hydrophobic core. Antibody binding may constrain 
opening motions which lead to solvent exposure of side chains 
in the hydrophobic core. This, in turn, may limit fluctuations 
of the H-bond acceptor for V6NH, leading to strong protection 
of V6NH. Slowed exchange of F30, A34, and V39 may be 
partly due to the H-bonding between these residues where the 
donor-acceptor pairs are V39NH-A34CO and A34NH- 
F30CO. 

Long-range effects have been reported recently in a complex 
between hen egg lysozyme and the HyHEL-5 antibody 
(Benjamin et al., 1992), but while the remote and boundary 
NHs were significantly protected (P = 1.9-1 3), their protection 
factors were still much less than for contact residues (P = 
44-65). This is in contrast to the results presented here, where 
some of the more distant NHs are protected from exchange 
to the same extent as NHs that are putatively buried at the 
binding interface. This may be partly due to the small size 
and highly cooperative nature of the G B ~  structure whereby 
no residues are truly “remote” from the binding interface. 
Slowed exchange of NHs outside the structural epitope has 
also been observed in antibody complexes with cytochrome c 
(Mayne et al., 1992). 

H-D Exchange ut the Bindinglnterfuce. Detectable surface 
NHs do not appear to be highly protected in these studies 
(Figure 9). This indicates that considerable exchange is 
occurring at the putative binding interface and that the 
interfacial region is accessible to solvent (Benjamin et al., 1992; 
Bhat et al., 1993). Transient partial exposure of the binding 
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interface to solvent without dissociation of the complex may 
allow contact surface NHs to exchange by a localized unfolding 
mechanism whereas larger amplitude global opening motions 
required for exchange of core NHs would still be more 
restricted. This is a possible explanation for why surface NHs 
at the putative binding interface are not as strongly protected 
as some buried NHs. 

Benjamin et al. (1992) also proposed a transient exposure 
of the binding interface to solvent to account for the lower 
than expected protection factors observed for contact and 
buried NHs in the complex between hen egg lysozyme and 
the HyHEL-5 antibody. Our results differ from those in that, 
while surface NHs are not strongly protected, NHs buried at 
the putative binding interface have the expected protection 
factors for a complex with Ka - lo8 M-’. 

CONCLUSIONS 

The measurement of exchange rates in free and IgG-bound 
G B ~  provides insight into the mechanisms governing N H  
exchange and folding. In free G B ~ ,  28 of the slowest 
exchanging NHs have rates which are clustered within an 
order of magnitude. This reflects the highly cooperativenature 
of the GB structure whereby the free energy of opening 
approximates the free energy of thermal unfolding for the 
majority of detectable NHs. In bound G B ~ ,  N H  exchange is 
less cooperative, and local and global unfolding events can be 
readily differentiated. IgG binding may affect the confor- 
mational dynamics of G B ~  since some distant residues have 
protection factors as high as residues buried at the putative 
binding interface. For this reason, the IgG binding sitecannot 
be unambiguously determined from the protection pattern 
obtained in this study. 

The slow-exchange core NHs in bound G B ~  likely unfold 
as a cooperativeunit since they all have high protection factors. 
Thus, the rigid slow-exchange core probably corresponds with 
the folding core of the bound protein. Residues with 
intermediate protection factors, such as A26 and Y33, are 
situated further out from the slow-exchange core, and the 
smallest protection factor residues are near the surface or at 
the ends of @-strands. These residues can exchange by more 
localized unfolding mechanisms such that their unfolded states 
are still consistent with IgG binding to some extent. Unfolding 
of the slow-exchange core is not consistent with IgG binding, 
however. 
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SUPPLEMENTARY MATERIAL AVAILABLE 

Table of exchange rates and protection factors obtained for 
individual NOESY cross-peaks at 3 and 22 OC (5 pages). 
Ordering information is given on any current masthead page. 
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