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Abstract 

This  discussion, prepared for the Protein Society's symposium honoring the 100th anniversary of Kaj Linderstr~m-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 modem structural biology. 
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The hydrogen exchange approach was conceived by Kaj Linder- 
stram-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  P-sheet and postulated that they were stabi- 
lized by hydrogen bonds. In those exciting days at the dawn of 
modem 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 & Linderstrom-Lang, 1955; 
Linderstrom-Lang, 1955a, 1955b; Berger & Linderstram-Lang, 
1957; Benson & Linderstmm-Lang, 1959; Hvidt et ai., 1960). In 
comparison with modem  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 (Linderstrom-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 
(Lindentram-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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the crystalline state (Pedersen et al., 1991; Gallagher et al., 1992) 
and even in  the dry state  (Desai et al., 1994). HX is being used to 
measure structure changes  in complexes of proteins with massive 
chaperonins (Okazaki et al., 1994; Robinson et al., 1994; Zahn 
et al., 1994), with antibodies  (Paterson  et al., 1990; Mayne et al., 
1992; Orban et al., 1994) and enzymes (Werner & Werner ,  1992; 
Jones  et al., 1993), in micelles (Thornton & Gorenstein, 1994), and 
even in whole active muscle (Rodgers  et  al., 1996). 

This article briefly reviews the development of these capabili- 
ties, their physical bases, and illustrates their utility for problems in 
contemporary structural biology. 

Hydrogen exchange methodology 

The peptide group NH hydrogens and  also  the polar side chain 
NHs and  OHs that hydrogen exchange  methods  measure  are uni- 
formly distributed throughout all protein molecules. Access to their 
exchange behavior can, in principle, provide detailed information 
at an amino acid-resolved level on protein structure, structure change, 
dynamics, and energetics. This information is encoded in the lan- 
guage of hydrogen exchange rates, within the immense dynamic 
range of rates over which the typical protein exchanges its various 
hydrogens. We need only record the stream of hydrogen exchange 
information that proteins continually and non-perturbingly emit 
and interpret these signals in terms of protein parameters. 

For many years, however, this level of resolution was beyond 
reach and  it was necessary to rely on methodologies that read out 
HX rate behavior in a summed, structurally unresolved way (Hvidt 
& Linderstrom-Lang, 1955a; Linderstrom-Lang, 1958; Englander 
& Englander, 1978). Attempts to increase the structural resolution 
available included the combination of tritium exchange labeling 
with protein fragmentation and HPLC separation methods (Rosa & 
Richards, 1979; Englander et al., 1985)  and the use of H-D  ex- 
change together with crystallization and neutron diffraction anal- 
ysis (Kossiakoff, 1982; Mason et  al., 1983). The development of 
multidimensional nuclear magnetic resonance (NMR) methods 
(Wuthrich, 1986; Ernst et  al., 1988; Bax, 1994) dramatically solved 
the problem of structural resolution (Wagner & Wuthrich, 1982) 
and made accessible the full power of site-resolved hydrogen ex- 
change. The analytical capability of NMR also made it possible to 
exploit the inherently powerful capability of hydrogen exchange 
labeling (Roger0 et al., 1986). In the labeling mode one can per- 
form direct hydrogen isotope labeling experiments under condi- 
tions most suitable  for  the question being asked, for  example under 
any of the  extreme conditions noted above. The structure-sensitive 
hydrogen isotope labeling pattern imposed during the experiment 
can then be trapped and read out under conditions most favorable 
for the NMR analysis. 

Methodological developments are continuing. The great poten- 
tial of mass spectrometry is being adapted to hydrogen exchange 
analysis (Anderegg & Wagner, 1995; Miranker et al., 1996; Zhang 
et al., 1996). A range of useful techniques employing various forms 
of spectroscopy or physical separation together with H-H, H-D, 
and H-T exchange are now available (listed in Englander et al., 
1996). Also important progress is being made in the interpretation 
of HX data, as suggested below. 

The physical  bases of protein hydrogen exchange 

Linderstrom-Lang and his colleagues considered various possible 
mechanisms that might underlie protein hydrogen exchange, in- 

cluding alternative penetration models (Bryan, 1970; Lumry & 
Rosenberg, 1975; Richards, 1979; Tsuboi & Nakanishi, 1979; Wood- 
ward et  al.,  1982)  and unfolding models (Wagner & Wuthrich, 
1979; Kossiakoff, 1982; Englander & Kallenbach, 1984) that have 
dominated thinking in this area in subsequent decades. He decided 
in favor of an unfolding mode (Hvidt  et al., 1960; Hvidt & Nielsen, 
1966), as pictured in  Figure 1. In this view, hydrogens involved in 
hydrogen bonds can  exchange only during the small fraction of 
time when the H-bond donor  and  acceptor  are transiently separated 
in a dynamic opening-closing reaction. There  is now strong sup- 
port for  this view. H-exchange occurs through a distinct chemical 
reaction in which the peptide group  is attacked by either a OH-  or 
H30+ ion. A hydrogen-bonded proton is sterically inaccessible to 
such a mechanism. For most purposes, the equations shown in 
Figure 1 connect the measured exchange rate (keJ with the free 
peptide chemical rate (kCh) and the equilibrium constant for the 
dominant opening, which may be any  one of the  kinds of openings 
pictured, since Kup = KIocal + KsubRlobul + KRlobol when the struc- 
ture is stable (i.e., Kup << 1). Lang favored the view that H-bonds 
might break individually, as in the local pathway in Figure 1, but 
he also later considered larger, more cooperative opening modes, 
following the work of John Schellman who had at that time launched 
his early investigations into protein cooperativity at the Carlsberg 
Labs. 

How is  one to decide which of the opening modes pictured in 
Figure 1 is  at work in any given case? In a stable protein, these 
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AG = -RT hKap 
Fig. 1. The unfolding model for protein hydrogen exchange. H-bonded 
hydrogens in a native protein (left) can exchange only when the H-bond 
donor and acceptor groups are separated in some transient, high energy 
unfolding reaction, which may represent a local fluctuation (bottom), a 
whole molecule unfolding (top),  or  some intermediate-sized opening (mid- 
dle). Exchange is governed by the equations shown in the commonly 
occurring EX2 case, where the structure is stable and reclosing is fast 
relative to the chemical exchange rate (kch) .  
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dynamic  modes  occur  at immeasurably low levels. A useful ap- 
proach to this problem is suggested by the classical melting ex- 
periment diagrammed  in Figure 2 (left). To evalute  the stability of 
a protein against unfolding, one commonly finds  it necessary to 
drive  the protein through its global unfolding transition at high 
temperature or denaturant concentration, as in  Figure 2. Through 
the transition zone  the unfolding equilibrium constant (K,,,,,) can be 
measured and  from  this the free energy for unfolding (AG = 
- RT In KUnf) and the dependence  of AG on denaturant concentra- 
tion can be obtained. A graph of  these data extrapolated to zero 
denaturant  provides  the free energy of stabilization (Pace, 1986). 
The slope of the extrapolated curve, the so-called m value given by 
-(13AG/dc)~,p, relates to the denaturant-sensitive surface exposed 
in  the unfolding reaction (Tanford, 1970; Schellman, 1987). 

This approach can be extended to the unfolding reactions that 
determine protein hydrogen exchange  (Kim & Woodward, 1993; 
Mayo & Baldwin, 1993; Bai et  al.,  1994a;  Bai  et  al.,  1994b; Qian 
et al., 1994). The data  shown  in  Figure 2(right) for  equine  cyto- 
chrome c (cyt c)  include results from classical melting experiments 
at high GdmC1.  At lower GdmC1, Figure 2 also  shows results for 
some of the slowest exchanging hydrogens in  cyt c, measured by 
NMR and processed through the equations in Figure 1 to yield AG 
values (Bai  et al., 1994b). The HX data produce a curve that 
smoothly joins the classical melting data. These slowest hydrogens 
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are so well protected in native cyt c that they can exchange only 
during the small  fraction of time when the protein transiently visits 
its globally unfolded state. Thus hydrogen exchange can measure 
the global unfolding reaction at conditions far below the melting 
transition, in  the region inaccessible to classical methods. A similar 
conclusion, obtained from HX experiments that differ somewhat in 
detail, has been obtained for a number of other proteins (Loh et al., 
1993; Orban et al., 1994; Perrett et al.,  1995;  Swint-Kruse & 
Robertson, 1996). 

It is interesting that  the  curve  derived  from HX data  in the region 
invisible to classical melting experiments diverges somewhat from 
the linear extrapolation usually used in melting studies (Pace, 1986). 
Possible reasons include the presence of residual protecting struc- 
ture in the unfolded protein at  low denaturant or effects imposed by 
site binding of denaturant (Tanford, 1970) or solvent displacement 
(Schellman, 1990). The results do make  it clear that HX pro- 
vides a means for evaluating protein stability and changes therein. 

This capability is promising-global unfolding can be measured 
under native conditions, using simple 1D NMR, perhaps even with 
larger proteins, without having to risk the uncertainties and diffi- 
culties often encountered  at  extreme denaturing conditions. Even 
more interesting is the fact that the method can be extended to 
study the free energy, surface exposure, and identity of smaller 
subglobal protein unfolding reactions. 
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GdmCl 
Fig. 2. Global unfolding measured  by classical melting and  by HX. In classical unfolding analysis (left panels), a  protein is carried 
through its melting transition  where the unfolding equilibrium  constant  and the AG for unfolding can be measured. The slope of a  plot 
of AG against  denaturant  concentration yields a  measure of surface exposure, the  m  value,  and the curve can  be  extrapolated to estimate 
the stabilization free energy at zero denaturant.  Data for cyt c (right) include classical melting results (open squares) and  results 
obtained from HX measurements of the slowest NHs, which exchange by way of transient global unfolding even under  native 
conditions (data at  pH 7, 50 “C). 




