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I. INTRODUCTION

Sodium dodecyl sulfate (SDS) strongly binds to a
variety of proteins at high binding ratios and subsequently
produces conformational changes (Reynolds and Tanford,
1970a,b). In aqueous solutions SDS can exist in monomeric
and micellar forms. The concentration of each depends upon
the total SDS concentration, the ionic strength, and the
temperature. Apparéntly, only the monomer form binds
(Reynolds and Tanford, 1970 a,b). The way detergents bring
about the observed conformational changes is not entirely
clear. Tanford, (1968) suggested that proteins are partially
unfolded by the detergent, after which existing isolated
hydrophobic side chains interact with the hydrophobic tails
of detergent molecules to form micelle-like ordered regions.
However, recent studies suggest that there is a combination
of hydrophobic and hydrophillic interactions with proteins
upon SDS binding (Van Musiwinkel-Voetberg and Veeger, 1973).
Regardless of which is the predominating interaction the net
result produces an unfolding of the protein molecule,

It is the purpose of this study to investigate the
conformational changes produced by SDS using the method of
hydrogen-deuterium exchange and comparing the results with
those obtained with native lysozyme using the same method.
Hydrogen-deuterium (H-D) exchange has been used extensively

to study conformational changes in proteins mainly because



it offers the following advantages: (1) sensitivity to
small conformational changes and (2) specificity for the
peptide group. It follows then that, in principle, a con-
formational change in any region of the protein can be
detected since peptide groups are present throughout all
regions of the molecule. Thus, a complete kinetic exchange
curve (degree of exchange-vs-time) for a protein can reflect
the confofmation of the entire molecule and not just parts
of it (Hvidt and Neilsen, 1966). With the preceeding
advantages in mind, it would seem reasonable that H-D exchange
is indeed a suitable technique to study the changes in the
lysozyme molecule produced by SDS. In other words, the
resulting conformational changes due to SDS perturbation
should modify the rate of exchange of the peptide hydrogens
with the solvent D20.

Before attempting the use of H-D exchange to study
the extent of denaturation of lysozyme by SDS the following
questions had to be answered. 1. How does the degree of
denaturation vary with the ratio of SDS to lysozyme? 2. How
fast is the denatured state reached upon dissolution of
native protein in SDS solutions? Differential ultraviolet
spectroscopy was selected to obtain measurements related
to the above questions since changes in the absorption of
aromatic residues are known to occur upon denaturation and
since the method can readily be adapted to time dependent

studies.



II. REVIEW OF THE LITERATURE
A. Hydrogen-Deuterium Exchange As a Conformational Probe

Historically, hydrogen-deuterium exchange had its
origins in the middle thirties when Fenger-Eriksen, et al.
(1936) and Linderstrom-Lang, et al. (1938) developed methods
for measuring deuterium content of D20 and mixtures of H20
and DBO' These studies led to an attempt by Krogh and Ussing
(1936) and Ussing (1938) to determine the incorporation of
deuterium in various tissue proteins of animals which had
received subcgtaneous injections of DQO. In addition, Ussing
(1938) showed that the treated tissue proteins contained
deuterium which in part, was bound by stable linkages directly
to carbon as a result of the protein synthesis during the
experiment. Subsequently, Ussing studied hydrogen isotope
exchange in horse serum incubated with DZO at room temperature.
His observations showed that exchange increased as a function
of time and there existed a correlation between the degree
of exchange and the content of nitrogen and oxygen bound
hydrogen atoms in the serum proteins.

However, it was not until the early fifties that
the Linderstrom-Lang group attempted to use hydrogen-deuterium
exchange quantatively as a possible tool for probing conforma-
tional changes in proteins. The most definitive results

that followed showed that simple peptides, randomly coiled



peptides and denatured proteins in aqueous solutions exchange
their labile hydrogens with solvent hydrogens within a matter
of a few minutes. Labile hydrogens are defined to be those
hydrogens attached to oxygen, nitrogen and sulfur. Non-
labile hydrogens, on the other hand, are defined to be those
hydrogens attached to carbon. Interestingly, non-labile
hydrogens do not exchange under normal experimental condi-
tions (Hvidt and Linderstrom-Lang, 1955; Schildkraut and
Scheraga, 1960). Native proteins exhibit a slower exchange
rate than denatured proteins. This slowness of exchange
is closely related to the conformation of the protein molecule
in aqueous solution (Englander, 1967).

.Since labile hydrogens are the only hydrogens capable
of detection and interpretation, it is necessary therefore
to understand which types contribute to the exchange curves.
The labile side chain hydrogens, with the exception of serine
hydroxyl and primary amide groups, are bound to ionizable
groups (e.g. COOH, SH, NH—C(NH)-NHz-;midazole, etc.). These
labile hydrogens exchange readily when completely exposed
to aqueous solvents and the rate of exchange can be monitored
using relaxation kinetic techniques and/or proton magnetic
resonance methods. Thus, Grunwald, et al. (1957) reported
that methylammonium ions exchange with second order rate

8 y-1 secﬂl; Luz and Meiboom (1963) observed

rate constants of 4.8 x 10' sec™ 1 for the carboxyl proton of

constants of 6 x 10

acetic acid at 25°C, Eigen (1963) measured rates on the



order of 1010- 1011 M—1 sec-l_for phenol, guanidine and

sulfhydryl groups. Additionally, there are buried groups
such as tyrosine OH, which are few (there are 3 tyrosines
in lysozyme) and even if their rates were reduced by 104,
exchange would be instantaneous compared to amide rates.

The most important group of labile hydrogens to
structural studies are those hydrogens bound in the amide
group. These hydrogens exchange at rates slower than labile
side chain hydrogen atoms and have half-lives on the order
of minutes to houfs {Blout, et al., 1961; Bryan and Nielsen,
1960; Nielsen, et al., 1960). Recently, McBride-Warren and
Mueller (1972) reported the exchange behavior of peptide
hydrogens of 3% lysozyme in 0.2M NaCl using the near infrared
region rather than the fundamental infrared region, which
was previously used to follow H-D exchange. Peptide hydrogens
in 3% lysozyme had half-lives on the order of approximately
8 minutes for fast, approximately 80 minutes for slow, and
up to hours for the very slow classes of peptide hydrogens.
Interestingly, this was the first time the near infrared
region was used in hydrogen-deuterium studies for a native
protein.

In proteins amide hydrogens'can be classified into
fast, slow, and very slow classes of peptide hydrogens. The
first two classes probably represent hydrogens which are
normally accessible to solvent. The very slow class represents

core hydrogens which are generally excluded from solvent and



do not exchange at a detectable rate unless subjected to
extremes of pH and temperature. Finally, the presence of
more than one class of slowly exchanging peptide hydrogens
reflects the entirety of the protein conformation. Thus,
such conformations that result from degree of heiicity,
amount of anti-parallel R-structure, amount and nature of
hydrophobic regions inaccessible to solvent and interactions
of side chains with each other or with the solvent will
exhibit different exchange behavior. Each of these varia-
tions will therefore produce different exchange rates and

hence different classes of exchanging peptide hydrogens.
B. The Mechanism of Hydrogen-Deuterium Exchange

The general model of hydrogen exchange in proteins
was proposed by Linderstrom-Lang and co-workers (Linderstrom-
Lang, 1955; Linderstrom-Lang and Schellman, 1959; Hvidt and
Nielsen, 1966). It proposes that a protein molecule in
aqueous solution will be in a dynamic state with fluctuations
occurring between various conformations of the molecule
around an average conformation. The basic assumption in the
exchange mechanism is that an arbitrary peptide hydrogen
in a segment of the protein molecule is dependent on the local
conformation and is either completely buried within the
protein matrix, and thereby inaccessible to solvent, or is
totally exposed to the aqueous solvent. It further assumes

the exchange rate for the individual peptide hydrogen to be



independent of the exchange of the other peptide hydrogens
in the molecule. Therefore, for each peptide hydrogen
there exists an equilibrium between a buried and open
conformation of a segment of the protein molecule and this
equilibrium controls the exchange of the individual peptide
hydrogen.

The reaction scheme proposed by Hvidt and Nielsen
(1966) which covers these assumptions is formulated by

equation 1:

k k
1 3
Non-exchanging ———+ Open —— - Exchange (1)
ko

In the non-exchanging conformation, the peptide hydrogen is
completely inaccessible to the bulk solvent and exchange is
prevented. On the other hand, in the open conformation,
the peptide hydrogen can exéhange with a hydrogen atom from
a solvent molecule, and the peptide hydrogen in this conforma-
tion is freely exposed to the bulk solvent. Then, the
exchange rate constant, k3, will be the same as for peptide
hydrogen atoms in a random coil polypeptide.

Further assuming equilibrium to be undisturbed by
the exchange reaction, an expression for the exchange of an
arbitrary peptide hydrogen (m) in a protein can be given
based on equation 1 by the following rate constants (Berger

and Linderstrom-Lanyg, 1957; lividt and Nielsen, 1966):



- (2)

The exchange rate for the m h peptide hydrogen is thus

t

determined by the mutual relationships between ki, ky, and

2}

k Independent information as to what transconformational

3°
reactions kl and kz refer is not easily obtainable. Also
in equation 2 such peptide hydrogens are ignored which lie
so freely exposed on the surface of the protein molecule
that they spend a great part of their time in the open

conformation. If k,>>k then the rate constant for the

2 12

mth peptide hydrogen reduces to:
K = gk%—l%f; ¢83
2 3

Depending on the mutual magnitude of k2 and k3, Hvidt and
Nielsen (1966) defined two limiting cases for the exchange

constant for the m, peptide hydrogen:

EXl: km = kl, provided k2<<k3, and
klk3
EX2: km = -EE—, provided k2>>k3

Thus equation 3 represents an analysis of the non-exchanging
N-conformation (k1<<k2) of a slowly exchanging hydrogen atom

and offers the two exchange mechanisms to account for the



exchange behavior. For example, in the EX1 mechanism, the
opening reaction (Buried —————+ Open) determines the rate
limiting step, km = k1. In the EX2 mechanism, on the other
hand, k1/k2 enters the expression for the observed

ky

rate constant, k_ = -— k,. Interestingly, the EX, mechanism
m k2 3 2

is influenced by specific acid-base catalysis as well as

other parameters that influence hydrogen exchange. All

model compounds, polypeptides, and most proteins have exhibited
an EX2 type of eﬁchange. Willmusen (1871) has employed a
graphical method to test hydrogen exchange data to see if

it is indicative of the EX, mechanism over a given pH range.

2
In the method, exchange data for a protein is plotted as a
function of log ([OH | x time). On such a plot, data gathered
at a series of pH values should superimpose, after correcting
for possible charge effects (McBride-Warren and Mueller, 1972),
if EX2 behavior is followed. This was found to be the case
for a number of proteins up to pH 9 and beyond.

Berger, et al. (1859) used nuclear magnetic resonance
to study the model amide, N-methylacetamide, at pH < 2 (acid
range) and pH > 8 (basic range). They found the rate of
exchange depended linearly on the hydrogen and hydroxyl ion
concentrations. They further showed that the base-catalyzed
mechanism involves direct deprotonaticn of the amide nitrogen.

Nielsen and co-workers, using infrared spectroscopy, showed

that acid and base catalysis could be used to explain the
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results obtained with oligopeptides and poly-D,L-alanine
(Nielsen, 1960; Nielsen, et al., 1960; Bryan and Nielsen,
1960). A more recent and thorough analysis of catalysis of
the exchange of N-methylacetamide using the near infrared
region was observed by Klotz and Frank (1965).

The implications of these studies on model amides
and polypeptides show that pH can alter exchange rates of
biopolymers throﬁgh its effect on k3 (see equation 1).
Generally, if the observed rate constant appears pH dependent,
an EXz mechanism is assumed to prevail. On the other hand,

the observed rate constant of EXl exchange would be indep-

dent of pH if the Buried + Open reaction is not pH
dependent.

The basis for the effect of charge on hydrogen
exchange had its origin from the extensive work of Berger,
et al. (1959). Basically, they showed that specific acid-
base catalysis of N-methylacetamide required the formation
of charged intermediates, positive for acid catalysis and
negative for base catalysis. These charged intermediates
are formed by the catalytic action of deuterium (D+) and

deuteroxide (OD” ) ions in D,0 as seen in equations 4 and 5.

Specific acid catalysis:

0 L OD 0
c-N- + pgot —2 _c-w* + Do —F25E ., _con- + WDLO (4)

H H . D
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Specific base catalysis:

0 0

Kop fast

0
~-C-N- + 0D~ + D,0 ——— -C-N= + HOD + D,0 ——= ~C-N- + HOD + oD~

H D
(5)

Therefore, based upon charge repulsion in the transition
state, a rate reduction is expected for the acid catalyzed
reaction as a macromolecule builds up a positive charge,
However, there should be a corresponding enhancement of the
base catalyzed reaction due to the stabilization of the
negatively charged ihtermediate. Praisman and Rupley (1968)
found that the hydrogen-tritium exchange of lysozyme was
slowed by increasing the ionic strength. Fewer hydrogens
were exchanged at zero time as the concentration of NaCl
was increased from O to 3%. These results also could be
explained if the positive charge on lysozyme is reduced by
the higher salt concentrations. Thus, by increasing the
ionic strength the electrostatic forces are reduced and the
increased catalytic effect seen with the base catalyzed
reaction is also reduced.

The need for an electrostatic factor, much like that
used for titration data, to correct hydrogen exchange data,
was originally proposed by Hvidt and Nielsen (1966). This
term would incorporate a w factor (Linderstrom-Lang's electro-
static interaction factor) which can be determined from
titration data in the absence of additional binding by other

- +
ions. Their suggestion was that e awd and e 2w, factors
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could be used to estimate the magnitude of the correction
factor needed to correct both the acid and base rate constants.
Coleman and Willumsen (1969) found that exchange data for
insulin followed OD~ catalysis expected for model compound
behavior only after correcting for charge effects as measured
from titration studies.

The direct effect of a net positive charge on the
exchange of a polymeric amide group was reported by Kakuda,
et al. (1971). Their results showed typical acid-base

catalysis but a shift in pD to the acid region due to

min
the reduced acid catalysis. The interpretation of these
results were explained by either the electrostatic interactions
raising the energy of the transition state or a lowering

of the effective concentration of deuterium ions iﬁ the
viecinity of the polymer. Mc¢Bride-Warren and Mueller (1972)
reported the hydrogen-deuterium exchange of native lysozyme

and postulated an effect of net charge on the exchange data.
Using the polymer data of Kakuda, et al. (1971) they cal-
culated the effect of a net positive charge on the lysozyme

molecule would be to reduce pD by 0.72 units relative to

min
the poin of an uncharged polypeptide. Recently, Kakuda
(1973), using a charged polymeric amide poly (e-amino-
methylacrylyl-L-lysine) and desalted lysozyme, showed that

in both cases, the acid catalyzed rates were slower and a

shift of pD

— toward the acid region occurred with increasing

net positive charge.
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C. The Effect of Detergents on Proteins

It has been known for quite some time that deter-
gents bind to proteins and in most cases tightly bound com-

plexes result. For instance, dodecyl sulfate can have an

5 6 1

intrinsic binding constants on the order of 10% to 10~ M
{(Steinhardt and Reygolds, 1969). Detergents frequently
show their denaturing ability, as evidenced byrthe increase

in viscosity, changes in optical properties and changes

in X-ray diffraction patterns. Lundgren (1949) has charac-
terized the interaction between proteins and detergents as
consisting of two forces: electrostatic, involving acidic

and basic groups of proteins, and hydrophobic, involving
apolar regions of proteins to form ordered micelles with
detergent molecules. Relatively low concentrations of
detergents exert a higher denaturing action compared with
urea or guanidine hydrochloride. For instance, Putnam and
Neurath (1943) observed an increase in the intrinsic viscosity
of serum albumin of 4.3 to 22 ml/g by 8M urea, but to 25 ml/g
by 0.17M sodium dodecyl sulfate. In homologous alkylsulfate
compounds the chain length is an important factor in the
denaturing ability. Thus, Karush and Sonenberg (1949),
Pallansch and Briggs (1954), Ray, et al. (1966), Reynolds,

et al. (1967) observed that the affinity at low concentra-
tions of sodium alkylsulfates (CS’ ClO’ 012’ C14) for bovine

serum albumin increased with increasing chain lengths and
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that the intrinsic binding constant K is dependent upon pH. It
should be noted that above a critical concentration, some deter-
gents can have a stabilizing effect on proteins (Gibbs, et al.,
1952). Theée authors reported that egg albumin is denatured by
four long~-chain aliphatic amines below their critical micelle
concentrations and in the region above the critical micelle con-
centration the amines tend to stabilize the denatured protein,
thus preventing precipitation. Therefore, Gibbs, et al., (1952)
proposed that the mechanism of solubilization of the denatured
protein occurs in two phases as supported by titration studies.
The first phase involves an amine-amine interaction, i.e., the
formation of micelles, which corresponds to a amine:protein weight
ratio of about 0.35:1. The second phase involves a combination of
amine cations with protein carboxylate ions, which corresponds to
an amine:protein weight ratio of about 0.63:1. The findings
in their study are consistent with the results obtained by
Luck (1947) who found that soaps and detergents can, at times,
stabilize proteins against various forms of denaturation such
as precipitation.

Markus, et al. (1864) reported protection of human
serum by SDS against unfolding by 6M urea. Fourteen equi-
valents of dodecyl sulfate which are bound very tightly
fully reversed the effect of urea as measured by increased
levorotation. Stabilization is attributed to the availability
of free e-amino groups on the protein because if they are
acetylated no stabilization occurs. Furthermore, the protective

effect gradually diminishes at pH values between 7.5 and 11.5.
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Finally, at high urea concentrations (7 to 8M) the protection
also diminishes and is fully lost at 10M.

Cationic detergents, such as dodecyldimethylbenzyl-
ammonium chloride, dodecyltrimethyl and dodecylammonium bromide,
denature ovalbumin rapidly at room temperatures yielding
solutions which show marked streaming birefringence. The
denatured protein aggregates but the rotary diffusion constant
decreases only slowly with increasing degree of aggregation.
Hanna and Foster (1953) interpreted this phenomena as due
to either lateral aggregation of the elongated rods that
result from denaturation of the protein or that denaturation
produces a loosening or swelling of the protein which leads
to a reduction of solubility. The swollen units might then
aggregate in such a manner that unfolding is forced. Another
cationic detergent, dodecylpryidinium bromide, was observed
by Yang and Foster (1954) to be capable of converting the N
form of bovine serum albumin to the F form in the region of
pH 3.5 to 4.5.

Although cationic and nonionic detergents interact
with proteins, most of the experimental data have revolved
around arylsulfonates and alkylsulfates, especially the
anionic detergent sodium dodecyl sulfate. Lundgren, et al.
(1943) observed that SDS was bound to ovalbumin in an "all-
or-none" fashion. A further observation depicted a complex
with ovalbumin containing a full complement of detergent

equivalent to the number of cationic groups in the protein.



