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Two-Dimensional Correlation Spectroscopy Reveals Coupled Immunoglobulin
Regions of Differential Flexibility that Influence Stability
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ABSTRACT. Despite the well-accepted importance of protein flexibility and dynamics in molecular
recognition and conformational stability, our understanding of these relationships is incomplete.
Immunoglobulin flexibility is essential for antigen binding and adaptation to diverse molecular shapes
and sizes. The inherent flexibility of immunoglobulins also renders these molecules suitable for investigating
the possible relationships between protein flexibility and stability. To better understand these inter-
relationships, we employ generalized perturbation-based two-dimensional correlation FTIR spectroscopy
to monitor the time evolution of HD exchange of an IgG1 as a function of pH. The differential flexibility

of various immunoglobulin regions is described in response to an external perturbation and shown to
vary widely. The greatest number of regions with differential exchange rates and, thus differential flexibility,
is seen at pH 6. Approximately seven, six, five, and four separate states that exchange with different rates
were observed at pH 6, 8, 4, and 2, respectively. The overall distribution of exchange rates calculated
from the decays of the integrated Amide | and Amide Il areas provides further evidence of multiple
regions with differential flexibility. The sequence of events at pH 4 determined from the asynchronous
vibrational patterns is of significant interest and suggests protonation of Glu and Asp side chains occurs
first and initiates changes in the conformation and flexibility of different sheet and turns structure. A
complex inter-relationship between differential regional flexibility and conformational coupling (i.e.,
cooperativity) initiated by changes in pH influences the stability of this IgG.

The current view of proteins as statistical distributions of motions of 1gG regulate antigen and complement binding
conformational microstates with regions of differential flex- as well as cell membrane interactions. Various aspects of
ibility and various internal motions is now beginning to shape the flexibility of immunoglobulin G (IgG) molecules have
our understanding of molecular recognition events, cellular been characterized using fluorescence anisotrép@) and
communication, and protein stability. Coupled domain mo- resonance energy transfet(f, multidimensional nuclear
tions, correlated dynamics across extended structures, conmagnetic resonance spectroscopy (NMR], (12), X-ray,
certed fluctuations, vibrational oscillations, and local and and neutron scatterind8) among other methods. In general,
global unfolding equilbria contribute to a complicated inter- these methods have shown that IgG flexibility is greatest in
relationship among protein flexibility, stability, and biological the hinge region and one F¢;£domain, while the Fab arms
function (L—6). Although our knowledge of these relation- are able to freely rotate around a connecting hinge region
ships is improving at a rapid rate, direct relationships among with extreme asymmetry.
protein flexibility, stability, and function are only beginning All immunoglobulin chains consist of small compact
to be understood. domains of a bilayer ofi-sheet stabilized by an intrachain

Immunoglobulins are involved in a wide range of biologi- disulfide bond. Despite the similarity in structure and
cal activities, including antigen binding, complement fixation, sequence homology of a single subclass of IgG molecules,
and secondary effector functions. Four disulfide-linked chains their stabilities can vary widely. The observed diversity of
comprise the fundamental framework of all immunoglobulins 19G functions and stabilities may be due to differences in
which consists of two heavy and two light chains. The light their flexibility, conformational fluctuations, and dynamics.
and heavy chains may be further divided into variable and Thus, a better understanding of the differences in the
constant regions and make up antigen binding (Fab) andflexibility and dynamics of these molecules should help us
crystallizable fragments (Fc). The Fab and Fc units are to better understand their behavior.
connected by a flexible hinge region which is thought to be ~ NMR currently is the method of choice for studying
responsible for much of the dynamic behavior of immuno- protein motions over a broad range of time scales and
globulins. Immunoglobulin G (IgG) functions are critically amplitudes. Nuclear spin relaxation techniques, including

dependent on the flexibility of the molecule. Diverse internal measurements of multiple quantum relaxation processes, have
significantly advanced our understanding of the correlated

and uncorrelated dynamics of protein molecul&4).(The
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large size of immunoglobulin molecules-150 kDa) has  were determined at room temperature by absorbance mea-
primarily limited applications of this approach to Ig frag- surement at 280 nme(= 1.5 mL mg?! cm™) using an
ments. Every method, however, has its limitations, and Agilent (Palo Alto, CA) 8453 UV~ visible spectrophotometer
complementary measurments of protein flexibility and fitted with a Peltier temperature controller.®@buffers were
dynamics are necessary to provide a comprehensive picturgrepared in the same manner as described above, and the
of protein dynamic processes. pD was determined as the pH readifg0.44.

Two-dimensional correlation spectroscopy, proposed in  Fourier Transform Infrared Spectroscopy (FTIR)frared
1986 by Noda, holds significant promise for advancing our Spectra were recorded at 2& using an attenuated total
understanding of the relationships between protein flexibility internal reflectance (ATR) accessory mounted in a BOMEM
and stability (5, 16). Through application of cross-correla- (Quebec, QC) MB-104 FTIR spectrometer at a resolution
tion and statistical analyses, this method monitors the Of 4 cnm’. The spectrometer and sample trough were
selective changes in spectral intensity variations as a functioncontinuously purged with dry air, which was controlled using
of two different spectral variables as a result of application two flow meters. A Thermal A.R.K. temperature controller
of an external perturbation. By monitoring these changes, (Spectra-Tech, Shelton, CT) and zinc selenide (ZnSe) crystal
we may obtain a wide range of information depending on With a 45 incidence angle were used. Aqueous mADb
the choice of spectroscopic probe and external perturbation.solutions and BO buffer were incubated separately at 25
Asynchronous correlation spectroscopy is of particular inter- °C prior to dilution. Concentrated stock dialyzed mAb
est because of its resolution and ability to elucidate the solutions (100 mg/mL) were then diluted with,® buffer
sequence of events giving rise to patterns of spectral intensityt0 a final concentration of 10 mg/mL mAb (90%0), and
variations (7). Likewise, hybrid or heterocorrelation spec- spectra were immediately recorded. Data were collected for
troscopy uses mu|tip|e types of perturbations and can >10 h with 1700 time-resolved subfiles and seven scans per
elucidate differences in patterns of spectral intensity varia- subfile. The reference buffer was measured using the same
tions resulting from these perturbatiods). These methods ~ parameters and conditions, and each corresponding time point
have been previously established and applied to a variety ofwas subtracted from the protein spectra. After subtraction, a
proteins. The purpose of this work is to apply this powerful Seven-point, second-degree polynomial Savitz&éplay
approach for the first time to an 1gG molecule. smoothing filter was applied to the spectra.

The exchange of protein backbone amide protons with Two-Dimensional Correlation Spectroscojty this work,
deuterium provides information about protein flexibility, T 1!R spectroscopy was used to monitor the evolution of
conformational distributions, hydrogen bonding patterns, and H—D exchange of an IgG and the subsequent spectral
structure 19—21). The numerous methods used to follow [Ntensity variations along the time and frequency axis. An
the time course of exchange include NMR, mass spectrom-additional external perturbation of pH (2, 4, 6, and 8) was
etry, and FTIR spectroscopy. Combined with the use of time used to modulate stability and flexibility. Matncesr_nfrows_
series and cross-correlation analysis, FTIRBiexchange ~ ©f Spectral traces ana columns of spectral intensity
experiments can provide a wealth of information concerning Variations were created from the time-dependent FTIR
the flexibility of different regions within a protein2@). spectra. From each matrix, the synchronous and asynchro-
Furthermore, the deconvolution power of asynchronous two- NOUS Spectra, covariance, statistical correlation coefficient,
dimensional (2D) correlation spectroscopy enables the @nd hybrid correlation matrices were calculated.

separation of differential exchange rates between regions of _ 1€ Synchronous correlation spectrum represents the
the same and different secondary structural elements. similarity of spectral intensity variations at two different

In this study, we investigate the differential flexibility of wavenumbers along the time axis of deuterium exchange

. (17). Correlation peaks arise along the diagonal and off-
a monoclonal antibody from a sequence of Bl exchange diagonal (cross-peaks) positions of the synchronous spectrum
events as a function of pH using 2D correlation and 9 P P y P

heterocorrelation FTIR spectroscopy. The differential flex- due to chgnges n _the speciral intensity variations. Th|s IS
Lo . ! . . ; . mathematically equivalent to the autocorrelation or variance.
ibility of immunoglobulin regions is described in response

to an external perturbation and shown to vary widely. The The cross-peaks represent simultaneous changes in spectral

sequence of events at each pH was determined from thelntensny at two separate wavenumbers and can be positive

asynchronous vibrational patterns, suggesting a complexor negative. The sign of the cross-peaks defines the behavior

inter-relationship between differential flexibility and con- of the spectral intensity. For example, a positive cross-peak

formational coupling initiated by changes in pH influences implies that the intensity variations are changing in a similar
the stability of this 1gG way (v, andv, decreasing or increasing together), while a

negative cross-peak means that the intensity variations are

EXPERIMENTAL PROCEDURES changing in opposite directionsyy( increasing andv;
decreasing). Each set of IR spectra may be represented as a
Immunoglobulin G1 containing a light chain (IgGk), dynamic set of spectra in time) (oy
monoclonal antibody (mAb) was kindly provided by Med-
Immune, Inc. (Gaithersburg, MD), and stored in its formula- Yi(v) =§,(v.1)

tion buffer at 2-8 °C. All chemicals were of reagent grade

and were obtained from Sigma (St. Louis, MO) and Fisher wherev is the wavenumber and tljia point in time is given
Scientific (Pittsburgh, PA). All solutions were prepared in by t; = Tmin + [(Tmax — Tmin)(j — 1))/(m — 1), wheremis

20 mM citrate, 20 mM phosphate buffer, with an ionic the number of equally spaced time point5,(17). The
strength of~0.15 adjusted with NaCl (pH 2.00, 4.00, 6.00, reference spectrum (average spectrum) was subtracted from
and 8.00), and dialyzed overnight. Protein concentrations the initial data as is common practice. The synchronous 2D
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correlation intensity®(v1,v2), which represents the simul-  spectrum is useful for interpreting the sequential order of
taneous changes of two separate spectral intensity variationspectral intensity variations.
at v, andv,, may then be obtained from the relationship The differences in spectral intensity variations between
the data matrices as a function of pH may be obtained from
T the hybrid 2D correlation method 8, 24). The synchronous
Pvyv) = mgyj(vl)yj(vz) hybrid correlation spectrum was constructed from the two
1= data matrice¥’; andY, (pH 2 vs pH 4, pH 2 vs pH 6, etc.)

The discrete data collected from the IR measurements were!USing the relationship

represented in matrix notation as previously described by

Noda Q3) ‘D(Vl,Vz) — 1 T

m— 1Yl Y2
Yvit) Yoty - (vt
Yty F(vaty) - J(vb)

It should be noted that the sample number in the two matrices
is equal.
N N N The ability to discriminate between correlation peaks due
Yvitm) Juty) - vty to artifacts and those due to true correlation peaks is critical
. ) ) ) in the analysis of perturbation-based 2D correlation spec-
where(v,f) is the set of dynamic spectra, from which the yo5copy. In attempts to rule out artifactual correlation peaks,
synchronous 2D correlation spectrum is defined as the innerine ratio of asynchronous to synchronous functiifss,v-),

product where each column of the matixis a vector: has been determined following the method proposed by
1 1 Buchet et al. 25) using the relationship
D(vy,v) = —=—§(v) §(v,) or & = =YY
m-—1 m-—1 F(vy,vp) = W(v,v)[P(vy,v)

(covariance matrix)

It has also been shown that the synchronous spectrum is! NS ratio has been suggested to be a measure of the degree
similar to the covariance matrix if the measurements are ©f coherence similar to the global correlation phase angle

recorded at fixed interval28). The covariance matrixQ) proposed by Noda26). It has also been shown that in the
of n sets of variatesX, ..., X») was calculated and defined ~€2S€ of an exponential decaying perturbation (e.g., isotope
as exchange)f(v1,v2) is not associated with a difference phase
angle but rather reflects the degree of correlation between
C™ = x — )" (x — u)"0] rate constant&(v,) and k(v,) of the two bands; and v,
7= — )06 — 1) 55 59,

where u; is the mean. The diagonal elements of the The covariance and statistical 2D correlation matrices were

covariance matrix represent the autocorrelation of intensity ¢@lculated and plotted using routine functions in Matlab
variations with time at a given wavenumber, and the cross- Version 7.1. Synchronous and asynchronous correlation

peaks indicate the simultaneous change in intensity betweersPectra were calculated using three separate programs: (1)
wavenumbers. Matlab, (I) 2Dshige version 1.3 developed by Morif8),

The matrix R) of statistical correlation coefficients is and (Ill) an integrated Matlab program kindly provided by
related to the covariance matr(i,j) and was calculated ~ E- GoormaghtighZ9). The synchronous and asynchronous

from the well-known relationship cprrelation spectra were _compared _and verified using_ the
different programs. The final analysis, graph construction,
- C(i,)) and matrix manipulation used Matlab version 7.1.
R(i,j) = — Hydrogen-Deuterium Exchange Rate$he ratio of the
VC(i.i)-CGj) Amide ll/Amide | area was determined by direct integration

and used to calculate the distribution of rate constants of
exchange. The number of exchange sitdsi$¢ assumed to
follow first-order kinetics according to the following sum:

whereC(i,i) andC(j,j) are elements of the covariance matrix.
The correlation coefficients are a normalized1(to 1)
measure of the strength of the relationships between two

variables, where a value of £1, or 0 means that there is N
positive, negative, or no relationship between the variables, Ho(t) = exp(—kit)
respectively. R le

The asynchronous correlation spectréivy,v,), which
represents the dissimilarity of spectral variations as a functionwhere Hg is the number of hydrogens remaining unex-
of deuterium exchange time can be represented in matrixchanged. To compute the distribution shape, the sum is
notation and defined as replaced by an integral as described by Knox and Rosenberg
1 1 (30):
W(ryry) = —==9() N§(rp) or W = =Y TN-Y .
HR(t)—j; f(kle © dk
whereN is the Hilbert-Noda transformation matrix1{).
The asynchronous spectrum is antisymmetric, and cross- The time-dependent behavior of the number of hydrogens
peaks arise only if the spectral intensity variations change remaining unexchanged is represented as the Laplace trans-
out of phase with each other. Thus, the asynchronousform of the distribution functiorf(k), and the distribution of
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rate constants is obtained from the inverse Laplace transform
of the remaining unexchanged hydrogens:

f) = L™ "Hg ()

The integrated Matlab program KINETICS provided by the
Goormaghtigh lab was used to express the decay as a
continuous distribution of time constanf&) using the
method described by Knox and Rosenb&@).(The program
CONTIN, as a part of the KINETICS program, was used to
solve the inverse Laplace transform as previously described
(31, 32.

RESULTS

Second-Detiative FTIR Spectra

The second-derivative IR spectra of the mAb as a function
of exchange time and pH were used to assess the component
bands contributing to the Amide | region. These were then
compared to the two-dimensional spectra (Figure-D.

The predominant bands at pH 2 at timesof min are
located at 1637, 1662, 1670, and 1689 éncorresponding

to the expected principal secondary structural elements of
B-sheet (1637 and 1670 c®) and turns (1660 and 1689

d’A/dv?
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cm1). After long exchange times, a band at 1628 ¢ém
appears that may be assigned to short irregular extended
structure or aggregatgtistrands. This band was not present
in the second-derivative spectrum for the mAb at any other
pH. The minima of the second-derivative spectra at pH 4
and times of<1 min are located at 1639, 1664, 1680, and
1689 cnt. Subtle shifts of the 1639 and 1676 chbands

of 2 and 4 cm? were observed after 10 h at pH 4. The band
assignments and locations of the second-derivative peaks at
pH 6 were 1612, 1637, 1664, 1676, and 1690 tat times

of <1 min and 1612, 1637, 1668, and 1686 ¢mt times

of >10 h. The minima of the second-derivative spectra at
pH 8 are found at 1609, 1637, 1668, and 1688 tat short
times and 1605, 1636, 1664, 1674, and 1686 cat longer
exchange times.

d’A/dv’

<1 min.

>10 hrs.

1600 1620 1640 1660 1680 1700
-1
Wavenumbers (¢cm )

Two-Dimensional Correlation Spectroscopy D

Covariance Matrices and Synchronous SpectiEhe
development of perturbation-based 2D correlation spectros-
copy was first described by Noda in 19865(-17) and
expanded in later years to a more broad-based application
now known as generalized 2D correlation spectrosc@y (
27). In this work, the synchronous correlation spectrum
represents the similarity of spectral intensity variations at
two different wavenumbers along the time axis of deuterium
exchange. Correlation peaks arise along the diagonal and off- Wavenumbers ( cm B )
diagonal (cross-peaks) positions of the synchronous specgure 1: Second-derivative FTIR spectra of the Amide | band at
trum. Mathematically, the autocorrelation or variance of exchange times of less than 1 min and greater than 10 h for the
spectral intensity is present along the diagonal. The cross-mAb at pH (A) 2, (B) 4, (C) 6, and (D) 8.
peaks represent simultaneous changes in spectral intensity
at two different wavenumbers and may be positive or ~Covariance maps are a symmetric square matrix math-
negative. The sign of the cross-peak defines the behavior ofématically equivalent to the synchronous correlation spectra
the spectral intensity variations. For example, a positive and are shown for the mAb as a function of pH in Figure 2.
cross-peak implies that the intensity variations at frequency The diagonal elements (autopeaks) represent the variance of
1 (v1) and frequency 21%) are changing in a similar way  spectral signal fluctuations as a function of time for the
(e.g., decreasing or increasing together), while a negativerepresentative spectral variable, while the cross-peaks cor-
cross-peak indicates that the intensity variations are changingrespond to the covariance between spectral signal fluctuations
in opposite directions (e.g increasing ana, decreasing). at two separate spectral variables.

d’A/dv’

>10 hrs. <1 min.

1600 1620 1640 1660 1680 1700
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sponds to the decreasing magnitude of the Amide Il signal.
The cross-peaks of the Amide | band are assigng¢hsbeet

or extended aggregated strand (1624 Yiturns/disordered
structure (1653 cnt), 3-sheet/turns (1684 cm), and turns
(1691, 1666 cm?).

The diagonal peaks at pH 4 correspond to the Amide Il
Amide Il, and Amide | bands, respectively (Figure 2B). A
considerable degree of line broadening is seen for the Amide
Il band at 1510 cm! which is easily detected from the four-
way symmetric pattern and the negative vertical cross-peaks
in the asynchronous spectrum. At this pH, the Amide | band
cross-peaks represefitsheet (1636 crt) and turns (1666
cm™b).

The strongest autopeak for the mAb at pH 6 is seen at
1635 cm?, followed by an intermediate peak at 1452 and a
relatively weak band near 1529 cin(Figure 2C). Again,
these three autopeaks correspond to the Amidé, latid 11
bands, respectively. Corresponding cross-peaks arise at the
coordinates (1635, 1684), (1568, 1454), (1635, 1568), and
(1641, 1261) cm’. 5-Sheet, disordered, angtsheet/turn
structures are assigned to the coordinates at 1635, 1641, and
1684 cn1?, respectively.

The autopeaks for the IgG at pH 8 are located at 1443,
1545, 1634, and 1659 crh(Figure 2D). The strongest band
at 1443 cm? is slightly broadened, while the Amide | peak
is composed of multiple overlapping signals. Cross-peaks
arise from the signal fluctuations corresponding to the
vibrational bands at 1634 and 1657659 cm* and represent
pB-sheet and turns at pH 8, respectively. The synchronous
correlation spectra for the mAb at pH 2, 4, 6, and 8 are
identical to the covariance maps and were used only for
comparative purposes (data not shown).

Asynchronous Correlation Spectrdhe asynchronous
correlation spectra are powerful tools for the deconvolution
of overlapping vibrational bands and enable a more critical
analysis of the order of exchange for the same or different
secondary structural element33( 34). The asynchronous
correlation spectrum is antisymmetric with respect to the
diagonal line, in contrast to the symmetric synchronous
spectra. Cross-peaks arise only if the intensity variations
change out of phase with respect to each other. In this case,
a cross-peak is observed if the change is faster or slower
relative to the corresponding spectral coordinates. The
sequential order of exchange along the time axis may be
determined from Noda’s ruled.§, 17, 27). The sign of an
asynchronous cross-peak is positive if a change occurs at
beforev,. If the sign of the cross-peak is negative, the change
at v, occurs before/;. The opposite scenario is true if the
corresponding cross-peak in the synchronous spectrum is
negative.

FIGURE 2: 1gG covariance maps of the spectral signal fluctuations ~ Two separate asynchronous correlation spectra, covering
corresponding to the frequency range of 173@50 cn* at pH the spectral regions from 1750 to 1250 ¢rand from 1700
(A) 2, (B) 4, (C) 6, and (D) 8. The scaled intensity change is shown 1, 1600 ¢, are shown for each solution of the mAb at
in color from negative to positive from blue to red. oH 2, 4, 6, and 8 (Figures 3 and 4). A total of four cross-
peaks were observed from 1700 to 1600 émt pH 2,
Autopeaks along the diagonal of the covariance map are suggesting four conformational states with differential flex-
located at 1450, 1543, and (1624, 1662) ¢rfor the mAb ibility. Band assignments and Noda’s rules confirm that some
at pH 2 (Figure 2A). The peak at (1624, 1662) ¢nis a B-sheet and disordered structure (1639 &mexchange
combination Amide | band with overlapping contributions, before a differents-sheet region, possibly consisting of
which are not well-resolved. The strongest autopeak at 1450aggregateds-strand with a spectral contribution at 1622
cm ! is due to the increasing magnitude of the Amide Il cm™, based on the negative (1622, 1639) énpeak.
band, while the relatively weak peak at 1543 ¢éncorre- Similarly, the existence of the (1639, 1690) ¢neross-peak
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Ficure 3: Asynchronous 2D IR correlation contour plots corre-
sponding to the frequency range of 175250 cn1! at pH (A) 2,
(B) 4, (C) 6, and (D) 8. The scaled intensity change is shown in

color.
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at (1639, 1726) and (1652, 1709) cinThe two bands at
1726 and 1709 cnt are presumably due to a=€D stretching
vibration of hydrogen-bonded COOH groups of different
stengths from Glu and Asp side chains.

The presence of five different regions of differential
flexibility is observed for the mAb at pH 4, representing
protonated arginine (1604, 1609 chand conformations
of turns and disordered polypeptide (1653 ¢émn and
multiple S-sheets [(1691, 1636) and (1670, 1684) ém
(Figure 4B). In this analysis, protonated arginine is not
considered independently. The following order of exchange
is observed at pH 4: protonated arginine side chains (1609
cm™Y) > turns/disordered (1653 cr) > -sheet/turns (1670
and 1684 cm') > S-sheet (1691 cmt) > S-sheet (1636
cm™1). The stretching vibration of hydrogen-bonded COOH
groups of different stengths from Glu and Asp side chains
is again observed at pH 4. Three negative cross-peaks are
observed at (1636, 1716), (1636, 1734), and (1664, 1716)
cmL. The band at 1716 cm is due to hydrogen-bonded
COOH groups, while the 1736 crhpeak represents free
COOH side chains.

The corresponding sign and frequencies of the asynchro-
nous cross-peaks for the mAb at pH 6 are [1634, 165]], (
[1626, 1634 ()], [1601, 1634 {-)], [1647, 1664 ()], [1627,
1672 ()], [1634, 1686 {-)], [1614, 1654 ()], and [1654,
1686 (+)] cm™* (Figure 4C). Approximately seven to eight
regions of differential exchange rate are seen at pH 6
corresponding to thre@-sheet and singlg-sheet/turn, turn,
turn/disordered, and disordered regions. Protonated arginine
side chains again appear to exchange first (1600m
followed byf-sheet structure (1634 cri), which exchanges
much more rapidly when compared to the same structure at
pH 4. Following the relatively rapid exchange observed at
1634 cn1l, a region of sheet/turns exchanges before other
sheet or extended structure (1626 épand a combination
of sheet/turn/disordered structure (165654 cm?). The
slowest exchanging domain iggesheet region (1614 cr).

The sequence of exchange events for the conformational
states corresponding to the turn (1664 épand disordered
(1647 cm?) region alone was not determined.

Approximately six regions of differential flexibility were
deconvoluted in the asynchronous spectrum for the mAb at
pH 8. Broad distorted cross-peaks are observed in the pH 8
asynchronous spectrum (Figure 4D). The band near 1634
cm ! exchanges much more readily at pH 8 than at pt2
The f3-sheet and disordered regions corresponding to the
cross-peak at 1641 crhexchange relatively slowly at high
pH. The multiples-sheet segments at pH 8, surprisingly,
appear to exchange much more readily when compared to
other conformational states. Finally, a peak arising from
aspartic and glutamic acid side chains appears relatively
resistant to exchange events.

Statistical Correlation Coefficient Maps$tatistical cor-
rrelation coefficient maps are normalized measures of the
strength of the relationship between the spectral intensity

suggests that anothgtsheet region which contributes to the variations at two different frequencies. The statistical cor-
1690 cm* band exchanges before the intermediate exchang-relations of spectral intensity variations for the mAb at pH

ing B-structure, producing a 1639 ciabsorption. Finally,

2,4, 6, and 8 were calculated (data not shown). These maps

the positive peak arising from turns and disordered structureappear crowded and complex and are inherently difficult to
at 1653 cm® implies that this domain exchanges before the interpret in terms of changes in protein secondary structure
turn structure at 1663 cm. When the spectrum is extended exchange rates based on the Amide | band. Therefore, a
to 1750 cn?, two additional positive cross-peaks are seen matrix of probability values for obtaining a correlation as
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Ficure 4: Asynchronous 2D IR correlation contour plots corresponding to the Amide | band at pH (A) 2, (B) 4, (C) 6, and (D) 8. The
scaled intensity change is shown in color.

large as the observed value by random chance was calculateis composed of three positive broad peaks at (1636, 1630),

and used to discriminate among band locations. The propriety(1666, 1631), and (1690, 1631) ch{Figure 5D). Only two

of all previous band assignments was confirmed from this peaks were well-resolved in the synchronous hybrid cor-

matrix of probability values. relation spectrum between pH 4 and 8 with coordinates at
Hybrid 2D SpectraHybrid two-dimensional correlation (1636, 1634) and (1670, 1632) cin(Figure 5E). Finally,

spectroscopy enables the visualization of correlations be-the hybrid spectrum between pH 6 and 8 reveals two positive

tween two separate spectral data matricS; 24). Hybrid correlation peaks at (1630, 1634) and (1684, 1832)cm

spectra do not represent the sequence of events between dat&igure 5F).

sets but rather indicate which frequency pairs are responding_. . .. .

to the different perturbations in a similar way. Here, Distributions of H-D Exchange Rate Constants

asynchronous hybrid spectra are used only for qualitative Amide proton exchange rates are dependent on solvent
confirmation of the hybrid synchronous cross-peaks becauseaccessibility, protein flexibility, hydrogen bonding, and
of their lack of physical meaningl8, 23). hydroxide ion concentratior2(, 21), among other properties.
Three positive and two negative peaks are observed in theExchange rates are greatly diminished for hydrogens that
synchronous hybrid spectra of pH 2 versus pH 4 mAb are hydrogen bonded, and every pH unit increase typically
solutions (Figure 5A). The positive peaks correspond to increases the observed rate constant 10-fold due to the direct
locations near (1624, 1636), (1624, 1670), and (1664, 1636)attack of hydroxide ions. Therefore, comparing exchange
cm 1, where the first frequency refers to pH 2 and the second rates for proteins as a function of pH must be tempered by
to pH 4. Negative peak coordinates include (1691, 1636) these considerations.
and (1691, 1670) cnt. A comparison of the mAb at pH 2 We have determined the distributions of-B exchange
(first coordinate) and pH 6 (second coordinate) reveals two rate constants from the ratio of the normalized Amide | and
positive and two negative peaks at [1624, 1632]([1663, Amide Il areas for the 1gG at pH 2, 4, 6, and 8 (Figure 6).
1636 ()], [1622, 1693 {)], and [1691, 1630)] cm™, Three distributions of exchange rates, at long, intermediate,
respectively (Figure 5B). Two positive and two negative and short times, are observed for the mAb at pH 2. In
peaks are observed in the hybrid spectrum between pH 2addition to the broad component at longer times, the
and 8 (Figure 5C). The location and sign of each hybrid peak intermediate distribution at pH 2 is split into three separate
for pH 2 versus pH 8 are as follows: [1624, 1634)], components for the mAb at pH 4. The distribution of
[1663, 1630 {)], [1651, 1678 )], and [1691, 1634 )] exchange rates at pH 6 is characterized by a small, fast
cm 1. The hybrid correlation spectrum between pH 4 and 6 component, multiple intermediate bands, and a major com-
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Ficure 5: Hybrid synchronous 2D IR correlation contour plots corresponding to the frequency range eflPB&OcnT? for (A) pH 2 vs
pH 4, (B) pH 2 vs pH 6, (C) pH 2 vs pH 8, (D) pH 4 vs pH 6, (E) pH 4 vs pH 8, and (F) pH 6 vs pH 8.

ponent at longer times. Finally, the distribution of rate multiple regions in diverse molecular environments that may
constants for the IgG at pH 8 is distinguished by four separatebe critically important in the stability of this 19G. The
resolvable components. sequence of events leading to immunoglobulin instability and
differential flexibility as a function of pH is described.
DISCUSSION . .
Immunoglobulin G chains are composed of 12 compact

Representing protein molecules as ensembles with dif- domains of repeating segments approximately 110 amino
ferential flexibility can provide an improved description of acids in length. Each domain consists of fissheets, which
molecular recognition events and protein stability. In this are joined by a disulfide bond. It is known that antibodies
work, we have described the regional flexibility of a are highly flexible molecules and that this plays a role in
monoclonal IgG molecule using+D exchange and gen- their ability to bind a diverse number of molecular antigen
eralized perturbation-based two-dimensional correlation spec-shapes and sizes. In solution, several aspects of IgG dynamics
troscopy. Multiple overlapping vibrational bands are re- have been previously studied and include Fab elbow bending,
solved, and the relative exchange rates of the same and~ab arm waving and rotation, and Fc wagging, among many
different secondary structural elements are revealed as aothers. The degree of Fab angular displacement varies
function of pH. The number of regions with differential widely. The Fab-Fc and Fab-Fab angles range from 66 to
exchange rates, or differential flexibility, as a function of 123 and from 115 to 172 respectively 85—37). In addition
pH varies widely. This work provides direct evidence of to these motions, collective fluctuations and breathing
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Ficure 6: Distribution function of the exchange rate constants of the mAb at pH (A) 2, (B) 4, (C) 6, and (D) 8. (E) The ratio of the Amide
Il to Amide | areas obtained by direct integration for pHR)(4 (®), 6 (o), and 8 §) IgG solutions. The distribution functions were
obtained from the Laplace transformation of the decay curves shown in panel E.

motions of thes-sheet angb-barrel structures characterize
immunoglobulin dynamics 38). The most flexible 1gG

motions, domain interactions, and regional flexibilities
contribute to the differential exchange rates observed in this

structures include the variable regions of the Fab arms andstudy.

the connecting FabFc hinge region. The hinge region

The greatest number of regions with differential exchange

typically consists of three parts (upper, core, and lower hinge) rates, and thus differential flexibility, for this IgG is seen at

with varying degrees of flexibility and disorde3?, 39, 40).

pH 6. Approximately seven to eight, six, five, and four

The upper hinge region allows considerable Fab rotational separate regions that exchange with different rates were
motions and has greater flexibility compared to the core hinge observed at pH 6, 8, 4, and 2, respectively. Interestingly,

regions 41, 42). The upper hinge regions of human IgG1

the greatest stability, based on measurements of the transition

b12, directed against HIV-1 gp120, exhibit the smallest midpoint of thermal unfoldingT,) (manuscript submitted

amount of ordered structure, while the lower hinge typically

for publication), follows the same order of differential

forms extended conformations, although this probably varies flexibility. Thus, the extent of conformational heterogeneity

among immunoglobulins3(, 39, 40). In general, the Fc is

or differential flexibility can be hypothesized to be an

considered more rigid than the other IgG segments, butimportant determinant of stability for this IgG.
differences within each Fc region have been observed. The The sequence of events at pH 4 is of special interest. The

Cu2 region of the Fc domain manifests higher crystal-
lographicB-factors compared to the @ region, suggesting
that the G2 domain is capable of more dynamic motions
than the G3 domain 43, 44). On the basis of these
considerations, it is clear that many different types of

negative asynchronous cross-peaks at 6366, 1636~
1736, and 16641716 cnt! suggest that protonation of Glu
and Asp COO side chains occurs first and presumably
initiates changes in structure and flexibility. The observation
of cross-peaks at these positions indicates cooperative
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conformational changes as previously argued by Murayamawith a relatively robust network of correlated motions and
et al. @5 on the basis of their work with HSA. These noncovalent interactions. If the degree of heterogeneity is
changes appear to affect bgthsheet and turns. A second high, it seems possible that both short- and long-range
pH-dependent protonation may also be responsible for theinteractions can provide a stabilizing network of interactions,
differences observed at pH 4. The cross-peaks observedvhereas if predominantly rigid or loose conformations
between 16091636 and 16041666 cm® suggest that  persist, both long- and short-range interactions may not exist.
changes in salt bridge formation and/or perhaps protonationin fact, long range interactions were convincingly shown to
of arginine residues with abnormally shiftedpvalues stabilize the native ensemble of lysozym®. (Similarly,
initiates structural alterations involving further cooperative long-range interactions were shown to critically stabilize the
conformational and dynamic changes witfisheet and turn ~ monomeric form ofx-synuclein and inhibit oligomerization
regions. The fact that these changes are observed betweenf this cytotoxic protein which is implicated in Parkinson’s
pH 4 and 6, where the greatest change in stability is seen,disease46). Furthermore, Bouvignies et ak)(have shown
suggests the presence of pH-dependent, subtle conformationahat coupled slow dynamics in protein G are communicated
and dynamic changes that result in decreased stability.  over long distances across a four-strghdheet through a
Small changes in secondary and tertiary structure arenetwork of hydrogen bonds. Coupled motions and the
observed for this mAb between pH 2, 4, 6, and 8 on the network of cooperative stabilizing interactions in proteins
basis of measurements of near- and far-UV CD as well as are not fully understood, but it is clear that these processes
intrinsic and extrinsic fluorescence spectroscopy (manuscriptare important for protein function and stabilitg, 3, 5, 6,
submitted for publication). These experiments also suggest47).
that the observed differential flexibility is not the result of The resolved peaks in the hybrid correlation maps suggest
major increases in the level of exposure of apolar residuesthat the immunoglobulin responds to pH in a similar way at
or global unfolding events. pH 6—8. A different response to pH does appear between
A direct correlation between hydrogen exchange rates andpH 2 and 4, however, with multiple negative correlation
secondary structure integrity does not appear to exist for thispeaks observed consisting primarily of the 1691-&m
mAb at all pH values. In some instances, the vibrational vibrational band at pH 2 (which can be assigned to turns or
bands representing turns and or disordered structure suggegi-sheet/turn structure). This may indicate slowing of the
that they exchange faster th@rsheet regions. This relation- exchange rates at pH 2 for this structurally disrupted state,
ship is, however, not always observed. As expected, at pHwhile the other exchange rates are increasing or vice versa.
4, the less ordered secondary structure is more flexible andWhatever the case, this structural response to pH changes is
exchanges faster. The domains with the greatest flexibility unique and is observed at only pH 2 and 4. Other differences
at pH 4 represent states enriched in turns and/or disorderednay not be resolved because of the limited deconvolution
structure, possibly resulting from exchange events in the power of the synchronous hybrid correlation method com-
hinge and/or antigen binding regions. In contrast, at pH 6, a pared to asynchronous methods. To observe differences
conformation containing morg-sheet (1634 cnt) is the between pH values, we can simply compare multiple
most flexibile, while the least flexible structure is contained asynchronous spectra.
within a different3-sheet region (1614 cr). The flexibility The overall distribution of exchange rates calculated from
of multiple regions at pH 6 is highly variable with certain the decays of the integrated Amide | and Amide Il areas
turns and disordered structure exchanging rapidly and othersprovides further evidence for multiple regions with dif-
more slowly. The rapidly exchanging turns and disordered ferential flexibility. These regions cannot necessarily be
regions may be the result of exchange with the hinge region. identified with the well-establishe@i-sheet-rich immuno-
In contrast, the relatively rigid regions between, for example, globulin 110-residue domains. The major component of the
the Gu1—Vy or Gy2—Chz domains may give rise to the slowly  distribution at long times is probably due to the exchange
exchanging turns and disordered regions. Furthermore, theof hydrogens involved in extensive hydrogen bonding
B-sheet structure responsible for the 1636 €peak at pH networks such as those found withfistructure and/or
4 exchanges much more slowly, relative to the other regions, exposure of deeply buried residues from the protein’s core.
compared to the corresponding feature (1634 9mat pH The distributions of intermediate- and fast-exchanging
6. The major differences in the flexibility of this region hydrogens are the result of local fluctuations, and global and
suggest some change in the molecular environment. A subglobal unfolding equilibria. The presence of multiple
possibly more important difference in protein dynamics distributions of intermediate exchange rates may also rep-
between pH 4 and 6 is observed from states assigned to theesent differential structural flexibility and heterogeneity. The
turn/disordered region (1653 cr). This region appears to  fastest exchange processes observed at pH 2 and 6 are
be highly flexible at pH 4 but relatively rigid or at least characterized by relatively small amplitudes. These fast
resistant to exchange at pH 6. A more extensive network of exchanges may not be well resolved at pH 4 and 8. The fast
both local and long-range interactions is one explanation for exchange should be catalyzed to a much greater extent at
the slow or resistant exchange at pH 6. This mAb is much pH 8. Hydrogen exchange is catalyzed at high pH by direct
less stable at pH 4 than at pH 6 (manuscript submitted for attack of hydroxide ions which removes amide protons to
publication). On the basis of the differences in IgG flexibility, produce the imidate anio2Q, 48). Thus, it seems plausible
it seems reasonable to propose that these regions are criticallyhat this component could not be detected. The intermediate
involved in maintaining the stability of this IgG. components suggest the greatest mAb flexibility at pH 4.
This high degree of heterogeneity in the differential The large amplitudes of the intermediate components at pH
exchange rates may be an important component of protein2 and 8 indicate greater flexibility compared to that seen in
stability by compensating for changes in the protein ensemblethe 1gG at pH 6. These results are in agreement with



9772 Biochemistry, Vol. 46, No. 34, 2007

measurements of compressibility, expansibility, and state
parameter fluctuations measured for this antibody (manu-
script submitted for publication).

CONCLUSIONS

This work provides a different perspective concerning
immunoglobulin conformational heterogeneity and flexibility.
It is probable that both conformational heterogeneity and
immunoglobulin dynamics are critically involved in the
biological functions and stability of such proteins. Increased
conformational flexibility and dynamics should facilitate the
recognition and binding of antigens of diverse shape and size.
A fourth structural dimension has been proposed to describe

proteins on the basis of their conformational heterogeneity 13.

and flexibility. This is thought to be critically important for
the function of many proteingt@). Furthermore, a growing

body of evidence suggests that the relationships between 14.

protein flexibility and stability are not simply inversely
correlated but are better described as a complex inter-
relationship of the coupling between both rigid and flexible
regions. This work provides evidence that immunoglobulins
are composed of multiple regions of differential flexibility
and conformational heterogeneity, which are differentially
perturbed by solution conditions such as pH. It is expected
that perturbation-based two-dimensional correlation spec-
troscopy will provide an improved understanding of the
relationships between protein dynamics and stability.
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