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The dissociation of carboxylic groups in lysozyme was measured as a function of
pH by differential infrared absorption spectroscopy. Analysis of both the 1707 ¢m™
(COOH) and the 1565 cm™ (COO~) bands showed that of the 10 ionizable groups, two
have highly abnormal pK values, 2.0 and 6.5, while the others vary between 3.5 and
5.5. Assignments to specific residues in the amino acid sequence are made in terms of

known features of their microenvironment.

Previous acid-base titration studies of
lysozyme have been interpreted in terms of
the presence of several carboxylic groups
with abnormal pK values, one ionizing at a
pH close to 6.5 and two or more remaining
unprotonated even at below pH 2 (1-3).
Potentiometric titrations measure only the
uptake of protons and cannot distinguish
between the titration of various types of ion-
izable groups when there is an overlap in the
pH zones of their ionizations. Furthermore,
in the case at hand, the titration of even a
normal carboxyl group would overlap with
the zone of ionization of the single histidine
residue (pK 5-5.5) (4). In order to circum-
vent these difficulties and further clarify the
situation, we have carried out a titration
study of the lysozyme carboxylic residues
using infrared absorption to monitor the
degree of ionization. Carboxyl groups absorb
in the spectral region of 1550-1710 cm™.
The ionized residues have an absorption
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band around 1570 em~! while protonated
carboxyls are characterized by a band near
1710 cm™ (5). From the intensities of these
two infrared bands it is possible to determine
directly the fractions of carboxyls which are
either ionized or un-ionized at any value of
pH. This paper reports the results of such a
study on lysozyme.

While the use of infrared absorption elim-
inates the problems inherent in potentio-
metric titration, it requires the use of special
techniques because of two complications: (1)
The bands characteristic of carboxyl groups
appear as shoulders of the much stronger
amide I band of the peptide links; (2) in
aqueous solution the frequency region of
interest is totally masked by strong H,O
absorption. These two problems are circum-
vented by using a differential infrared ab-
sorption technique, and substituting D;O for
H:0 as solvent (6). D:O can be used as a
solvent for proteins without altering their
conformation (7). In the presence of DO,
however, the pK values of ionizable groups
are about 0.5 units higher on the pD scale
than on the pH scale in H:O (8, 9).



MATERIALS AND METHODS

Materials. Twice-crystallized lysozyme was
purchased from Worthington (Lot LY644A)%;
deuterium oxide (99.8%) was from Stohler. “DCI”’
(1.1 n) and “NaOD” (2.24 N) were prepared by
dissolving reagent grade concentrated hydro-
chloric acid or sodium hydroxide pellets in D;O;
normalities were determined by titrations against
standard acid or base. Protein concentration was
determined spectrophotometrically, using the
molar extinction coefficient, e = 36,500 (10).

pD measurements were made with a Radiometer
TTTI meter equipped with a GK-2021B probe elec-
trode maintained at 30°C. Standardization was
with aqueous buffers at pH 4.01 (phthalate) and
pH 6.50 (Radiometer phosphate). Immediately
after standardization, a sample of the stock pro-
tein solution in D:O (pD ca. 5.6) was read; equi-
librium between electrode and D;O solvent was
reached after 15-30 min. This protein solution was
used as a standard for the pD adjustments and
measurements required in a set of titration experi-
ments.

In order to obtain extensive exchange of hydro-
gen for deuterium, lysozyme was dissolved in D0
at pD ca. 5, reacted overnight, and lyophilized. A
stock solution was then prepared by dissolving the
deuterated protein in D;O and the pD was ad-
justed to the desired value for the reference solu-
tion.

Infrared measurements. For each experiment, 2
ml of stock solution lysozyme (43.9 g/liter) was
adjusted to the proper pD by addition of concen-
trated NaOD or DCI and the volume was brought
to 2.1 ml by further addition of DO or a solution
of NaCl in D:O. All additions were made with
micropipets. The experimental and reference solu-
tions were then introduced into two ‘‘matched”
sealed cells of conventional design, with a nominal
0.1-mm pathlength, equipped with CaF; windows.
Since the actual pathlengths of the cells were 0.093
and 0.089 mm, the 5% mismatch in protein concen-
tration between the experimental sample and the
reference stock solution was compensated by intro-
ducing each into the cell of proper thickness. The
spectra were recorded on a Beckman Infrared
Spectrophotometer, Model IR-4.

Difference spectra were obtained over the pD
range of 1.0-10.0 using reference protein solutions
with pD 7.75 and 4.40. Direct spectra were also
measured at selected pD values. Typical direct
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Fic. 1. Direct infrared spectra of lysozyme in
D0 at pD 2.4 and 6.1. The dashed line spectrum
has been arbitrarily displaced by 10%, transmit-
tance.

and difference spectra are shown in Figs. 1 and 2. .
The direct spectra are characterized by a strong
amide I band centered around 1650 em™, with
shoulders evident at 1560-1575 cm™ and ca. 1710
em~1. The essential absence of the amide II band
near 1550 cm™! and the presence of a strong band
near 1450 cm™! indicate extensive deuteration of
the peptide NH groups. The difference spectra are
characterized by pD dependent bands at 1565 em™!
and 1707 cm™!; these correspond to COO~ and
COOD absorption, respectively. The detail seen
between 1620 and 1670 cm™? must be due to pH per-
turbation of the backbone amide I band. At the
protein concentration used, the amide I band in
the direct spectrum was of such intensity that, at
its peak, there remained 8-10%, of the total energy,
i.e., it had an optical density of 1.0-1.1. The ampli-
tudes of the difference spectral bands, on the other
hand, varied between 95 and 60%, transmittance,
i.e., their optical densities, AOD, varied between
0.020 and 0.200. Baseline controls were carried out
periodically, using protein solutions of identical
pD in the two cells, one of them having been di-
luted in a manner identical to the experimental
samples. Typical baselines are shown in Fig. 2.
There is essentially no detectable deviation from
a smooth line in the regions of interest at 1565 and



1707 cm™1. At 1650 cm™, i.e., in the region of the
amide I band, mismatching by 29, transmittance
can be seen. Since this corresponds to an optical
density of approximately 0.01, the mismatching is
seen to be no greater than 19, while reproducibility
was considerably better.

Data analysis. The intensities of the difference
bands were read relative to 1800 cm™, at which
frequency there was no detectable difference spec-
trum. The values were normalized to 1009, trans-
mittance for the reference solution, converted to
optical density units and corrected for the devia-
tion of the optical densities at 1565 and 1707 em™
from that of 1800 cm™ in the proper baseline. This
was found to be necessary, since the baselines,
while smooth, usually were not horizontal straight
lines but displayed a slight frequency dependence,
as seen in Fig. 2. The experimental error due to the
reading of intensities is 3-5%. The infrared absorp-
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Fia. 2. Difference infrared spectra of lysozyme
as a function of pD. (A) pD 7.75 reference; (B) pD
4.38 reference. The instrument was set so that the
matched spectra at 1800 ecm™! were recorded at
65-85%, transmittance; this permitted to record
both positive and negative differences in a single
scan. The numbers next to the curves indicate the
pD at which the spectrum was recorded.
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Fia. 3. Infrared titration curves of lysozyme
carboxyls in D;0. (A) 1565 cm™ band; (B) 1707
cm~! band. The dots are experimental points repre-
senting optical density differences from either the
fully protonated (A) state or the fully ionized (B)
state. The solid lines are calculated curves using
the pK values reported in the text. The error bars
correspond to the experimental errors in reading
differential band intensities.

tion intensities at the two frequencies were plotted
as a function of pD and compared to theoretical
titration curves, shown in Fig. 3.

Calculation of carboxyl ionization. The fraction
of ionized carboxyls in lysozyme, «, was calculated
for a distribution of the groups over a number of
classes of type 7, with characteristic pK;. The
overall degree of carboxyl ionization, «, is given

by

n; a;
= = 1
« Zn; ’ ( )

where n; is the number of groups of type ¢. The
degree of ionization of each type of group, ai, is
given by the Linderstrgm-Lang equation, within
the approximation of spherical symmetry and a



smeared charge distribution (11, 12)

i

log1 = pH — pK: + 0868 % Z

— o
(2)
e? 1 K
w=_——\>—r—);
2DkT (b 1+ m)
where Z is the average net charge on the protein
molecule, ¢ is the electronic charge in the electro-
static units, D is the dielectric constant of the
medium, k is Boltzmann’s constant, T’ is the
thermodynamic temperature, bis theradius of the
protein molecule, a as the distance of closest ap-
proach of the center of a small ion to the center of
the protein molecule, usually taken as b + 2.5 A,
and « is the reciprocal thickness of the ionic at-
mosphere. For the calculation of the electrostatic
work term, the value of the protein average net
charge, Z, as a function of pH was taken from the
titration curve of Sakakibara and Hamaguchi (3).
The ionic strength was taken as 0.135 throughout.
The effective radius of the protein, b, was calcu-
lated from the radius of gyration determined in
small-angle X-ray scattering experiments, using
the relation .

b= (39)'"R,, @

where R, is the radius of gyration of the protein.
The value of R, used was 14.3 A (13, 14). In car-
rying out these calculations, the known dimeriza-
tion of lysozyme above pH 5 (15, 16) was taken
into account. For this purpose the electrostatic
interaction parameter of the dimer, wi, was esti-
mated by assuming that the dimer was a sphere
with twice the volume of the monomer and had
twice its charge, using the relation (12)

14 «an
1+ «nt3((nt3 — Dby + anl’

@

’U)AZA = anZM

where the subscripts M and A stand for monomer
and aggregate, respectively, and = is the degree of
association. The term; @Z, was taken then as the
average of the monomer and dimer contributions
in proportions estimated from the reported associ-
ation data. While this calculation is highly approx-
imate, any uncertainties resulting from it are not
significant, since dimerization becomes important
only above pH 6, where the titration is 95% com-
plete.

The experimental results were fitted with a set
of 10 ionizable groups* of various pK values with

4 Lysozyme has 10 carboxyl groups: the a-car-
boxyl, seven aspartic, and two glutamic. Residue
103 which had been thought to be aspartic (17, 18)

the use of Eq. (1) and (2) and the above-described
procedure. This calculation was repeated with
various values of n; and «; until a good fit was
obtained for the experimental curve. Comparison
between theory and experiment required a value
for the absorbance change developed through ioni-
zation of one group; this was taken to be the same
for all groups and one-tenth of the total absorb-
ance change between extreme acid and alkaline
pH.
RESULTS

The results of the spectroscopic titration
of lysozyme carboxyls are given in Fig. 3.
The dots are experimental values of the ab-
sorbances calculated in each case as differ-
ences from the fully protonated (Fig. 3a) or
fully ionized (Fig. 3b) states. The pH de-
pendence of both the 1707 and 1565 cm™
bands have shapes typical for titration
curves of a number of nonidentical groups.
The intensities of both bands vary in a mono-
tone fashion over a broad pD range, from pD
1.0 to pD 8.0. Above pD 8.0, there is no more
variation of the spectrum.

The data of Figs. 3a and 3b could be well-
fitted with the following set of ionizable
groups: one group with pKp 2.5, three groups
with pKp 4.0, three groups with pKp 5.0,
two groups with. pK, 6.0, and one group
with pKp 7.0, where pK, represents the pK
in D:O medium. Since in D;0O the pK values
of the carboxyls are displaced by 0.4-0.5
units to the alkaline side (8, 9), these values
correspond to intrinsic pK values in Hz0 of
2.0, 3.5, 4.5, 5.5, and 6.5. The theoretical
curves calculated using this set of pK values
are shown by the solid lines of Fig. 3. The
agreement with the experimental points is
quite good and certainly within the error of
of 43 %. A point which should be mentioned
is the fact that the manner of addition of
DCI or NaOD to the stock solution caused
the ionic strength to vary between individual
experiments. This variation, however, was
between the limits of 0.085 and 0.135, and it
had only a secondary effect on w and the
titration curve; calculations at several points

is asparagine.’ Recent potentiometric titrations in
guanidine hydrochloride have shown that there
are 10 ionizable carboxyls (19).

s Brown, J., personal communication.



have shown that the overall effect is no
greater than =-0.1 ionizable group. Such an
uncertainty is again fully within the limits of
experimental error. Also, experimental re-
sults obtained at slightly different ionic
strengths over the same pH range showed no
systematic dependence on ionic strength.

DISCUSSION

Lysozyme is known to have 10 ionizable
carboxyls. Various solution studies, as well
as examination of the environment of these
groups in the three-dimensional structure
suggest a broad distribution of pK values.
Such a distribution is observed in the present
study. It is of interest to attempt an assign-
ment of the particular pK values to the
specific carboxyls.

The group with a pK of 2.0 is best ascribed
as Asp 66. This residue is the only ionizable
group completely buried within the protein
structure (20, 21); it is hydrogen-bonded to
two or three other polar groups, one of these
being Tyr 53, which is also highly abnormal
with pK ca. 12.5 (22); the free energy of
unfolding shows at least one group of pK < 2
(23); the pH dependence of substrate bind-
ing shows that a group of pX ca. 2 is part of
the active site (24), and Asp 66 is in the wing
that moves in complex formation. The recent
establishment of the number of carboxyl
groups in lysozyme as 10 suggests that con-
clusions on the number of low pK groups
from early titration experiments (see intro-
ductory paragraph), which were based on
more than 10 ionizable groups, are not cor-
rect and that there is only one group of pK <
2, i.e., Asp 66. The other highly abnormal
group, with pK 6.5, has been identified as
Glu 35, which in accord with its high pK is
in a nonpolar region of the lysozyme cleft
(20, 21) and is not hydrogen bonded. Values
of pK 4.5 have been assigned to Asp 101
through the pH dependence of saccharide
binding (25) and to Asp 52 by titration of
the ester derivative (26). Recent crystal-
lographic experiments on the changes in
protein structure with pH® suggest pK val-

¢ Beddell, C. R., and Phillips, D. C., personal
communication.

ues ca. 3.5 for the a-carboxyl, Glu 7, and Asp
87. The other three groups with pK 4.5 or 5.5
represent normal or slightly abnormal car-
boxyls and are impossible to assign to specific
residues at present.
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