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Abstract

This discussion, prepared for the Protein Society’s symposium honoring the 100th anniversary of Kaj Linderstrgm-Lang,
shows how hydrogen exchange approaches initially conceived and implemented by Lang and his colleagues some 50
years ago are contributing to current progress in structural biology. Examples are chosen from the active protein folding
field. Hydrogen exchange methods now make it possible to define the structure of protein folding intermediates in
various contexts: as tenuous molten globule forms at equilibrium under destabilizing conditions, in kinetic intermediates
that exist for less than one second, and as infinitesimally populated excited state forms under native conditions. More
generally, similar methods now find broad application in studies of protein structure, energetics, and interactions. This
article considers the rise of these capabilities from their inception at the Carlsberg Labs to their contemporary role as

a significant tool of modern structural biology.
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The hydrogen exchange approach was conceived by Kaj Linder-
strem-Lang and implemented by him and his collaborators at the
Carlsberg laboratories in the early 1950s. Pauling had just discov-
ered the a-helix and B-sheet and postulated that they were stabi-
lized by hydrogen bonds. In those exciting days at the dawn of
modern protein science, Lang realized that peptide group NH hy-
drogens participate in continual exchange with the hydrogens of
solvent, just as in the already understood polar side chains. He set
out to test Pauling’s ideas by measuring the exchange behavior of
these hydrogens. Lang created entirely novel methods to measure
H-D exchange, and together with his colleagues at the Carlsberg
Labs, he studied hydrogen exchange in a number of proteins and
peptides under various solution conditions (Hvidt & Linderstrgm-
Lang, 1954, 1955a, 1955b; Krause & Linderstrgm-Lang, 1955;
Linderstrgm-Lang, 1955a, 1955b; Berger & Linderstrgm-Lang,
1957; Benson & Linderstrém-Lang, 1959; Hvidt et al., 1960). In
comparison with modern capabilities the information available to
Lang was severely limited in resolution and even in accuracy.
Remarkably, he saw past these limitations and quickly moved past
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his initial goal of merely testing for hydrogen bonding. He inferred
that exchange is controlled by the dynamic behavior of protein
molecules, as we believe today, and he saw the relationships that
connect the hydrogen exchange rate with protein dynamics and
energetics (Linderstrgm-Lang, 1958; Hvidt & Nielsen, 1966). The
equations he formulated continue to provide the theoretical basis
for protein and nucleic acid hydrogen exchange that all workers
still use today (Hvidt et al., 1960; Hvidt & Nielsen, 1966; Barks-
dale & Rosenberg, 1982; Englander & Kallenbach, 1984; Wood-
ward, 1994; Gueron & Leroy, 1995; Scholtz & Robertson, 1995).
In this leap of imagination and intuition, Lang and John Schellman
(Linderstrgm-Lang & Schellman, 1959) foreshadowed the whole
field of protein dynamics, years before the first protein structures
were solved. This, together with his experimental ingenuity, opened
the door to hydrogen exchange studies.

The recent literature documents the expanding use of hydrogen
exchange methods to measure the fundamental parameters and
behaviors of protein molecules. Hydrogen exchange (HX) meth-
ods are being used to determine the structure of protein folding
intermediates with lifetimes less than one second (Englander &
Mayne, 1992; Baldwin, 1993; Woodward, 1994) and to character-
ize partially unfolded forms that exist at infinitesimal levels under
fully native conditions (Bai et al., 1995; Chamberlain et al., 1996).
HX is being used to define protein structures under extreme con-
ditions as in loosely formed equilibrium molten globules at acid
pH (Hughson et al., 1990; Kuroda et al., 1992; Chyan et al., 1993;
Ptitsyn, 1995b), in organic solvents (Wu & Gorenstein, 1993), in
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