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Molecular Dynamics of Hinge-Bending Motion of IgG Vanishing with
Hydrolysis by Papain
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ABSTRACT We have performed dielectric relaxation measurements via a time domain reflectometry (TDR) method to study
dynamic behaviors of the segmental flexibility of immunoglobulin G (IgG) in aqueous solution without antigen binding. In
general, an intermediate relaxation process due to bound water is observed around 100 MHz at 25°C for common proteins
between two relaxation processes due to overall rotation and reorientation of free water. However, the intermediate process
observed around 6 MHz for IgG was due to both bound water and hinge-bending motion. The apparent activation energy of
33 kJ/mol was larger than 27 kJ/mol for only bound water, and the relaxation strength was about five times as large as
expected for bound water. The shape of the relaxation curve was very broad and asymmetric. These characteristic differences
arising from the hinge-bending motion of IgG disappeared for fragments decomposed from IgG hydrolyzed by papain, since
the hinge-bending motion did not exist in this case. We have separated the relaxation processes due to hinge-bending motion
and bound water for IgG and obtained the Fab-Fab angle of IgG as about 130° by Kirkwood’s correlation parameter and the
activation energy of 34 kd/mol for hinge-bending motion.

INTRODUCTION

The three-dimensional structure of globular protein fluctu-shown in Fig. 1A. Papain hydrolyzes IgG molecules on the
ates incessantly and the fluctuation is closely related to thainge, and cysteine or mercaptoethanol reduces the disul-
function of the protein. This fluctuation is observed by x-ray fide bond of IgG molecules (Utsumi, 1969). IgG molecules
diffraction analysis (Frauenfelder et al., 1979; Artymiuk etare separated into the two Fab and one Fc fragments by this
al., 1979), Masbauer measurements (Keller and Debrunireatment, as shown in Fig.BL On the other hand, Feinstein
ner, 1980; Parak et al., 1981), NMR measurements (Nicholand Rowe (1965), and Valentine and Green (1967) per-
son et al., 1992), and computer simulations (Karplus andormed electron microscopy studies, and they suggested that
McCammon, 1986; Karplus and Petsko, 1990). Some spehe angle between Fab segments of IgG molecules vary
cies of enzymes such as serine protease with a ditch bevidely. Their suggestion is supported by many studies such
tween two globular domains fluctuate to open and to closeas NMR (Arata et al., 1980), EPR spectroscopy i
the domains. This intramolecular motion is called “hinge-inen and Nezlin, 1976), electron microscopy (Roux et al.,
bending deformation” (Karplus and McCammon, 1986).1997), and theoretical studies (McCammon and Karplus,
The hinge-bending deformation is investigated by x-ray1977). Especially, Hanson et al. (1981) performed a dynam-
diffraction (Dobson, 1990; Bernstein et al., 1997), NMR ical study using nanosecond fluorescence spectroscopy, and
measurements (Li and Montelione, 1995), electron parareported that wagging or cone-like wobbling motions of the
magnetic resonance (EPR) spectroscopy (McHaourab et akFab fragments are possible on the hinge region. Though
1997), fluorescence spectroscopy (Miki and Kouyamasuch a dynamical study is important to understand the
1994), computer simulation (Arnold and Ornstein, 1997).biological function, accurate analysis of fluorescence data is
However, dynamical behavior of the hinge-bending defor-difficult and the estimation is necessarily crude.
mation has not been clarified enough. Dielectric measurement is one of the most useful methods
The immunoglobulin G (IgG) molecule consists of threefor dynamical study. Dielectric measurements have been
globular domains of two Fab segments and one Fc segmergerformed for globular protein in aqueous solutions, and
which are mutually connected by two flexible polypeptide subsidiary dispersion due to bound water was found at an
chains called hinge held together by a disulfide bond (Silintermediate frequency region between two principal dis-
verton et al., 1977; Metzger, 1974; Arata et al., 1980), apersions due to molecular motions of protein and free water
molecules, respectively (Grant, 1966; Pethig, 1979;
Takashima, 1989). Furthermore hydration studies on pro-
Received for publication 2 February 2000 and in final form 10 May 2000. teins were also preformed by microwave dielectric measure-
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A B were performed to compare the globular protein consisting

m of a single globular domain.

MATERIALS AND METHODS

- Samples
Bovine IgG, papain, and BSA were purchased from Sigma Chemical Co.

papain and (St. Louis, MO). Salts contained in IgG aqueous solution were removed by
mercaptoethanol the use of a PD-10 column provided by Amersham Pharmacia Biotech AB
(Uppsala, Sweden). After removing the salts, we lyophilized it, and pre-
pared solutions with a protein concentration 50 mg/ml and pH 9.0 for TDR
FIGURE 1 Model of the IgG moleculeAj and Fab and Fc fragments measurements at temperatures betweéhand 25°C over a frequency
obtained by papain hydrolysisB). (A) 1gG is made up of two Fab range 300 kHz to 10 GHz. Aqueous solutions of BSA 50 mg/ml were
fragments and one Fc fragment connecting on the hinge, and hinge-bendingepared for TDR measurements at temperatures betwéeand 15°C
motion exists. B) The hinge-bending motion does not exist in the system over a frequency range of 300 kHz to 10 GHz.
of Fab and Fc fragment mixture. We also prepared Fc and Fab fragment mixtures from IgG. The diges-
tion with papain at pH 7.5 was performed according to the method of
Utsumi (Utsumi, 1969) except that the digestion was carried out for 18 h.
Then alkylation with iodoacetamide provided by Wako Pure Chemical
Above the freezing temperature of7°C for free water, Industries, Ltd. (Osaka, Japan) was carried ou2fb at25°C pH 9.0 in the
three relaxation processes due to reorientations of free w&2' in order to stop the digestion by inactivation of papain and prevent
. . f bound water. and overall rotations aréroducmg Fap fragment with re-bonding disulfide bond. Each 1gG mol-
ter, reorientations of bou iy cule was separated into two Fab fragments and one Fc fragment by this
observed. Because of large relaxation strengths for promethod. Fragments thus obtained were purified by passing through<a 15
cesses due to free water and the overall rotation, we coul800 mm column of Superdex 200 provided by Amersham Pharmacia
not distinguish the hinge-bending motion. Three relaxatiorPiotech AB (Uppsala, Sweden). We confirmed that the molecular weight
processes are also observed below the freezing '[emperatuf’éf”’“i‘Iments was about 50,000 and that of the original IgG was about
. . é/0,000 by gel electrophoresis. We removed salts contained in the solution
The high frequ_ency relaxat'(_)n process observed around g, ihe pp-10 column and lyophilized the solution. Solutions were prepared
GHz at—10°C is due to reorientation of unfreezable waterat a total concentration of 50 mg/ml and pH 9.0 of Fab and Fc for TDR
constructing a shell layer around the protein molecule, ancheasurements at temperatures betwe@nand 25°C over a frequency
the intermediate frequency process observed around 2@nge of 500 kHz to 5 GHz.
MHz is due to bound water molecules, which attach directly
on the globular protein surface via hydrogen bonding.
Bound water and unfreezable water have also been observ
in other globular proteins (Miura et al., 1995). The low Details of the TDR apparatus have already been reported in the previous
frequency relaxation process observed around 600 kHz &@@pers (Cole, 1975a,b; Cole et al., 1980). By using a dielectric material
—10°C is due to the hinge-bending deformation of trypsin."‘”th known perml’EtIYItnyS as a reference sample, the permittivity of the
. . . R . unknown sample? is given as
This relaxation process vanishes, when trypsin inhibitor is
::aug_ht l_rllht_he dltCI? betweetn ttr\:vci tgr:obtular _do_mg_ltr:i of the ) = gg(w)l + {(cfo/[jo(yd)e¥(w) I}pfx 1)
- : * y
rypsin. This result suggests that the trypsin inhibitor pro 1 + {[jo(yd)e&(w) J/(cfs)}pfs
hibits not only the biological function of the trypsin but also
its movement of hinge-bending deformation of the trypsin,where
since the trypsin inhibitor gets caught in the ditch of the _ [ +
trypsin as reported for x-ray analysis on the complex of p= s = n)lls + 1),
trypsin with trypsin inhibitor (Sweet et al., 1974). However, 4,4
the behavior of the hinge-bending deformation above the

d’electric measurements by TDR method

freezing temperature of free water has not yet been clarified. fx =2ZxcotZy,  Zx = (odlo)ek(w)"?,
In this work, we observed directly the hinge-bending . 1
motion of IgG molecules by dielectric measurements using fs=ZscotZs,  Zs= (wdic)es(w)™,

the TDR method at various temperatures above the freezin\g . . . .

. A ) hered is the geometric cell lengthyd is the effective cell lengthr,g and
temperature of free Water_- Since the w@e-angle mOt'On. Of, are Fourier transforms of reflected pulses from the reference sample
Fab segments should bring a larger dielectric relaxatiomg(t) and from the unknown sampR(t), respectivelyj is the imaginary
process than the trypsin, the hinge-bending motion is exunit, » is the angular frequency, antis the speed of propagation in
pected to be observed. We also confirm that the hinge\_/acuum. We chose the.aqueous'solution of sodium chloride as a reference

sample, and the effective electric cell lengtje employed were 0.161,

bendlng motion vanished with the hydrOIySIS on the hmgeo.67, 2.84, and 6.1 mm. The time domain dielectric method has also been

region of the IgG molecules by papain. Dielectric measurezppiied for biomaterials by other investigators (Feldman and Fedotov,
ments for bovine serum albumin (BSA) in aqueous solutioni98s; Bone and Zaba, 1992) as an effective tool.

Biophysical Journal 79(2) 1023-1029



Dynamics of Hinge-Bending Motion of IgG 1025

RESULTS AND DISCUSSION 10%

Typical results of dielectric absorption curves observed at
25°C for the IgG aqueous solution and that of the mixture of
Fab and Fc fragments obtained by hydrolysis with papain 10%
are shown in Fig. 2. Three relaxation processes were iso- i
lated independently for all samples by employing a fitting

procedure, which has been already employed for aqueous ) ]
solutions of other globular proteins (Miura et al., 1994). The £ 10 3
permittivity is thus described by &

Ag, Agp, Aey,

1+ joT + {1+ (jory,)Pmpem * 1+ (jorm)’
(2

& (w) — &,

wheree,, is the dielectric constant extrapolateddo= o, L

Ag is the relaxation strength,is the relaxation timeg and 2 3 4 5 6
A S 10 10 10 10 10

B are parameters describing the distribution of the relax-

ation time, and subscripts m, and h indicate the low, Mw

intermediate, and high frequency relaxation process, respec-
tively. FIGURE 3 Double-logarithmic plots of relaxation time against mo-

- : . ecular weightM,,, at 25°C (1: adenosine monophosphate; 2: adenosine
Itis concluded that the hlgh frequency relaxation proces%iphosphate; 3: adenosine triphosphate; 4: cytochrome c; 5: ribonuclease

his due to reorientation of free water molecules, judginga; e; iysozyme; 7: myoglobin; 8: trypsin inhibitor; 9 trypsin; 10: pepsin;

from its relaxation timer, and relaxation strengtiAg, 11: ovalbumin; 12: hemoglobin; 13: BS/®: 1gG; andO: Fab and Fc

(Miura et al., 1994)_ fragment mixture.) The numbered plots are reported in a previous work
For the low frequency relaxation proceksgenerally —(Miuraetal., 1994).

overall rotation of protein molecules is observed in this

frequency region (Grant, 1966; Pethig, 1979; Takashima,

1989). Fig. 3 shows that logarithm of the relaxation time phosphate, which were measured previously (Miura et al.,
observed in this work against the molecular weiyhties  1994: Mashimo et al., 1992). Therefore the relaxation pro-
on the same straight line with a slope of unity obtained forcesg opserved in this work is also due to overall rotations
the overall rotation of ten globular proteins, adenosingys IgG, Fab and Fc fragments, or BSA. Furthermore, this
triphosphate, adenosine diphosphate, and adenosine monggit also implies that protein-protein interaction, such as
forming dimer, trimer, or aggregates, was negligible. If
protein molecules form dimer or larger aggregates, the plot
must deviate from the line in Fig. 3.

It has been reported that bound water of globular proteins
in aqueous solutions was observed as the intermediate fre-
quency relaxation process around 100 MHz at 25°C
(Grant, 1966; Pethig, 1979; Takashima, 1989; Miura et al.,
1994). Therefore, the process observed in this work is
easily considered to be due to bound water. However, only
in the case of IgG, the relaxation timg, was more than ten
times as large as that of bound water observed for common
agueous solutions of globular proteins (Miura et al., 1994),
helical DNA (Kuwabara et al., 1988), and moist tropocol-
lagen (Shinyashiki et al., 1990). In another case of the Fab
and Fc fragment mixture, the, was almost the same as that

f\’<’n—17'<\ E of common cases of bound water as shown in Fig. 4. The

S e similar tendency was also shown for the apparent activation

6 7 8 9 10 energy. Though the apparent activation energy for the pro-
Iog f (HZ) cessm of the IgG (33 kJ/mol) was considerably larger than

that for bound water (28 kJ/mol) observed for common
FIGURE 2 Dielectric absolute curvesh)(5 wt % aqueous solution of proteins, th? Value of 27 kJ/mol obtained for _the Fab and Fc
IgG at 25°C. B) 5 wt % aqueous solution of Fab and Fc fragment mixture fragment mixture is almost equal, as shown in Table 1. The
at 25°C. value of 33 kJ/mol for the IgG is similar to that of 32 kJ/mol
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FIGURE 4 Plots of the logarithm of relaxation timg against reciprocal
absolute temperature for 5 wt % aqueous solution of tryps)n(fliura et
al., 1996), BSA @) reported in a previous work (Miura et al., 1994), BSA
(#) (present work), IgG@®), and Fab and Fc mixture).

FIGURE 5 Double-logarithmic plots of relaxation strengdth,,, against
molecular weightM,, at 25°C. 1, cytochrome c; 2, ribonuclease A; 3,
lysozyme; 4, myoglobin; 5, trypsin inhibitor; 6, trypsin; 7, pepsin; 8,
ovalbumin; 9, hemoglobin; 10, BSA®, IgG; O, Fab and Fc fragment
mixture.) The numbered plots are reported in a previous work (Miura et al.,

1994).
reported for the hinge-bending motion of the trypsin ob- )

served below freezing temperature of free water (Miura et

al., 1996) rather than 27-28 kJ/mol obtained for bound o )
water. We examined thétest to establish whether the concentration is 5wt % for all aqueous solutions. The plots

apparent activation energy between IgG and papain-dil-ie on the same s_traightli_ne with the slopel/3, eX(_:ept for
gested IgG was significantly different, and the obtainedtn® Plots of trypsin, pepsin, and 19G. Afe, normalized by
result p < 0.13) would indicated a significant difference the number of protein molecules per unit volunté, is
between them. proportional to the surface area of the protein spherical in
These results suggest that the hinge-bending motion cf"ape, we obtain
the IgG caus_ed the differences in those values,adind the Ag /N = MAs,, « M23, - Ag, o« M8, A3)
apparent activation energy for IgG and other proteins. It
means that the processobserved first for the IgG was an Therefore, the slope of-1/3 in Fig. 5 means that the
overlap of two relaxation processes due to reorientation ofmount of bound water is proportional to the surface area of
bound water and the hinge-bending motion. Since the rethe protein. The reason why the plots of trypsin and pepsin
laxation time due to the hinge-bending motion was |arge|deViate from the line is that both have active sites in cracks
than that due to the bound water, thgalso became large. and bound water forms a network structure there as reported
Fig. 5 shows double-logarithmic plots of the relaxationby x-ray analysis (Bode and Schwager, 1975). Thus the

strengthAe,,, vs. molecular weightM, where the protein trypsin and pepsin should have more bound water than the
common globular proteins and deviations are shown in

Fig. 5. However, IgG does not have such a large crack.

TABLE 1 Apparent activation energy AH Although the surface area of the IgG with Y-shape is larger
c T AH than the sphere, the total surface area of the 1gG is not larger
Protein (wt%)  (°C)  (kJ/mol)  Reference than that of the Fab and Fc fragment mixture. The hinge-
Trypsin (bound water) 5 -35t025 28 Miuraetal, 1996 bending motion would produce the large valuedaf,, for
BSA (bound water) 20 -50to 30 28 Miuraetal, 1995 |gG.
Fab and Fc fragments 5 —5t025 27  Present work Fig. 6 shows the temperature dependency of parameter,

(bound water)*
Trypsin (hinge-bending 5 —-35t0—10 32  Miura et al., 1996
motion)

oy, describing the distribution of relaxation times. Thg
value is small for broad and asymmetric shape of relaxation

IgG (processr)* 5 —7t025 33 Present work curve. The value o, for IgG which is apparently smaller

IgG (processnl)’ 5 —7t025 34 Present work than that for trypsin, BSA, Fab and Fc fragments, and other
*Calculated by Eq. 2. globular proteins (Miura et al., 1994) supports the sugges-
TCalculated by Eq. 4. tion for the overlap of relaxation processes due to bound
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FIGURE 6 Plots of the parameter,, for distribution of relaxation time Ag Agmy

* —
against temperature for 5 wt % aqueous solution of trypsin(Miura et e*(w) ~ &..
al., 1996), BSA ¢) reported in the previous work (Miura et al., 1994),

BSA (#) (present work), IgG®), and Fab and Fc mixture). A, Agy,
+ - + -
{1+ (jorm)P3* " 1+ (jor)P’

T 1+jor * 1+ jorm)™ (4)

t d hi bendi tion. W te that did not where subscriptsnl and m2 indicate the relaxation pro-
wahgbr. ar;] |_ng_:a— E”h'”g_ mo,'?a?' e note tBatdid no cessesnlandmz2,respectively. We consider that the relax-
exhibit the similar behavior withx, ation processnl was due to the hinge-bending motion of

On the other hand, a dielectric dispersion due 0 Max 4G and the relaxation process? was due to the reorien-
well-Wagner effect is generally observed for an emulsionyaiion of bound water. Values f. 0 Abp Gz @A Brrp
. il m2 m2r m

e.g., oil in water (O/W) system. However, Takashima,yere chosen to be the same as those for bound water
(1963) performed dielectric measurements for protein solugpserved on the Fab and Fc fragment mixture, as shown in
tions with various ions at the similar protein concentrationig. 8. The apparent activation energy of 34 kd/mol for the
with the present work, and suggested that the Maxwellm1 process is reasonable for the hinge-bending motion, and
Wagner effect is not a major dielectric polarization mech-this value was clearly larger than 27 kd/mol for bound water
anism. This suggestion was also supported by a lineafor Fab and Fc fragment mixturg  0.03).
relationship of relaxation times, for the overall rotation The relaxation strengtie,,; for the hinge-bending mo-
against the molecular weight as shown in Fig. 3, since therdon was considerably smaller than the relaxation strength
was no indication of the Maxwell-Wagner effect. Therefore Ag, for overall rotation of Fab and Fc fragments as shown in
we considered that the Maxwell-Wagner effect was negli-Table 2. This smaller value arises from antiparallel compo-
gible in the present case. Wei et al. (1994) and Suzuki et ahent of dipole moments of Fab segments in IgG molecules.
(1996) treated Wagner or Hanai equation to study the proThus, Fab-Fab angle for IgG molecule can be calculated
tein hydration. In the present work, however, we did not usgrom Kirkwood’s correlation parametegy. Relaxation
their analysis, because they applied the Wagner or Hangitrength is generally described as
equation to dielectric spectra above 1 GHz that is too high
for the hinge-bending motion. Ase
From all of our experimental results, we concluded that
the relaxation processa for IgG was caused by overlapping where
of relaxation processes due to hinge-bending motion and
reorientation of bound water. When the hinge-bending mo-
tion was vanished with the hydrolysis by papain, the relaxwhere F is an internal field factorKg is the Boltzmann
ation processn for Fab and Fc fragment mixture was only constantN, is the number of dipoles per unit volume,is
caused by bound water. Then we tentatively separated thie dipole momentZ is the number of nearest neighbors
relaxation processes due to the hinge-bending motion ansurrounding the dipole moment, ardos y) is the mean
the reorientation of bound water for IgG in agueous solutionvalue of the cosine angle between the dipole moments,
by the fitting procedure as shown in Fig. 7. In this analysisrespectively (Takashima, 1989). In order to compare with

B 4N’y
A ©

g =1+ Zcosvy),
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extended in the same direction. We emphyy/Np, as 2/3
from the supposition 4, whemg.,, is the number of dipoles
of Fab segments per unit volume aNg, is that of Fab and
Fc fragments, respectivelNg;, and Ny, correspond td\p

for hinge-bending motion and overall rotation, respectively.
Similarly, Z,, is 1, since Fab segments always exist in pair,
andZ, is 0 because of the dilute concentration of 5 wt %
(Ermolina et al., 1998). Thus we emplgy= 1 for Fab and

Hinge—bending motion

Bound water

3.4 3.5 3.6 3.7x1072 Fc fragment mixture, and the cosine angle of Fab-Fab of
1/T (1/K) IgG is obtained from Eq. 5 as
B ' ' ' ' ' ] (cosy) = 3Ae/2Ag — 1. (6)
3+ Hinge—bending motion .
wE i ] The angles calculated from Eq. 6 are presented in Table 2.
~ I These values completely agree with the value of 117-136°
2F ] reported for human IgG in the immunoelectron microscopy
B Bound water ] studies (Roux et al., 1997). This is the first time to obtain the
0.9——F+—+—F+—+—+—+— Fab-Fab angle from dynamical measurements.

Bound water
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