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Abstract 

The  exchange of a large number of amide hydrogens in oxidized equine cytochrome c was measured by NMR and com- 
pared with structural parameters. Hydrogens known to exchange through local structural fluctuations and through larger 
unfolding reactions were separately considered. All hydrogens protected from exchange by factors greater than lo3 are in 
defined H-bonds, and almost all H-bonded hydrogens including those at the protein surface were measured to exchange 
slowly. H-exchange rates do not correlate with H-bond strength (length) or crystallographic B factors. It appears that the 
transient structural fluctuation necessary to bring an exchangeable hydrogen into H-bonding contact with the H-exchange 
catalyst (0H"ion) involves a fairly large separation of the H-bond donor  and acceptor, several angstroms at least, and 
therefore depends on the relative resistance to distortion of immediately neighboring structure. Accordingly, H-exchange 
by way of local fluctuational pathways tends to be very slow for hydrogens that are neighbored by tightly anchored struc- 
ture and for hydrogens that are well buried. The slowing of buried hydrogens may also reflect the need for additional 
motions that allow solvent access once  the protecting H-bond is separated, although it is noteworthy that burial in a protein 
like cytochrome c does not exceed 4 A. When local fluctuational pathways are very slow, exchange can become dominated 
by a different category of larger, cooperative, segmental unfolding reactions reaching up to global unfolding. 
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The measurement of protein hydrogen exchange (HX) now pro- 
vides a major source of information on protein structure, energet- 
ics, interactions, and  folding  (Englander  et al., 1996; Wand & 
Englander, 1996), especially when the exchange behavior of indi- 
vidual hydrogens is resolved by NMR analysis (Wagner, 1983; 
Wuthrich, 1986; Emst et  al., 1988). In spite of much effort over  the 
years (Hvidt & Nielsen, 1966; Woodward et al., 1982; Englander 
& Kallenbach, 1984; Scholtz & Robertson, 1995) the interpreta- 
tion of HX results is still limited by our incomplete understanding 
of the mechanism(s) of hydrogen exchange. 

At the level of HX chemistry, one knows that exchange  is  cat- 
alyzed by acids and bases in well defined chemical reactions that 
require direct H-bonding contact between the catalyst and the ex- 
changing group  (Eigen, 1964). Structured proteins can block these 
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processes and  slow the exchange of many of their hydrogens. To 
properly interpret structural protection, it is necessary to under- 
stand the factors that block exchange and the mechanisms that 
relieve the structural block and allow exchange chemistry to proceed. 

Recent studies have measured hydrogen exchange kinetics in 
various species of cytochrome c (cyt c) (Gooley et al., 1991, 1992; 
Timkovich et al., 1992; Marmorino et al., 1993) and other proteins 
(Goodman & Kim, 1991; Radford et al., 1992; Pedersen et al., 
1993;  Clarke  et al., 1995; Kragelund et al., 1995) and have at- 
tempted to correlate HX rate and changes in rate with various 
aspects of structure. However, one now knows that some protein 
hydrogens exchange through a global unfolding event, some through 
subglobal unfolding reactions involving sizable cooperative units 
of structure, and others through small structural fluctuations (see 
below). The present work takes these distinctions into account in 
comparing a large data base of exchange rates in cyt c with various 
structural parameters. 

Results 

Data analysis 

Quantitative hydrogen-deuterium exchange rates were obtained 
for 45 main chain peptide group NH hydrogens and 2 side chain 
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