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Abstract: The hydrogen exchange behavior of exchangeable pro& Kallenbach, 1984 Contributions to the exchange behavior of
tons in proteins can provide important information for understand-amide protons have been inferred from electrostatic efféatte-

ing the principles of protein structure and function. The positionspierre et al., 198) local unfolding(Kumar & Kallenbach, 1986

and exchange rates of the slowly-exchanging amide protons iand local structural characteristics of prote{gashin, 198Y.

sperm whale myoglobin have been mapped usitd-*H NMR Hydrogen exchange data are a necessary prerequisite for the
spectroscopy. The slowest-exchanging amide protons are those ttstidy of protein folding by the quench-flow hydrogen exchange
are hydrogen bonded in the longest helices, including members ahethod(Roder et al., 1988; Udgaonkar & Baldwin, 1988nd the

the B, E, and H helices. Significant protection factors were ob-data obtained for the native protein can also give valuable infor-
served also in the A, C, and G helices, and for a few residues in themation on local flexibility(Jeng & Dyson, 1996and ligand bind-

D and F helices. Knowledge of the identity of slowly-exchanging ing sites(Jones et al., 1993; Williams et al., 199%nd may even
amide protons forms the basis for the extensive quench-flow kiprovide a guide to the earliest-folding portions of the pro¢®iwod-

netic folding experiments that have been performed for myoglo-ward, 1993. There have been a number of comprehensive recent
bin, and gives insights into the tertiary interactions and dynamicstudies of hydrogen exchange in a variety of native proteins, in-
in the protein. cluding ubiquitin(Briggs & Roder, 1992 cytochromec (Milne
Keywords: hydrogen exchange rate; proton-deuterium exchange'et al., 1998, thioredoxin(Jeng & Dyson, 199 barnaseClarke
reference data ét al., 1993, staphylococcal nucleagtoh et al., 1993 Trp re-
pressor(Finucane & Jardetzky, 1995and lysozyme(Radford
etal.,, 1992, as well as an evaluation of the stability of secondary
and tertiary structure in unfolded and partly folded proté@isyan

The exchange of interior labile protons with the protons of the€t al., 1993; Buck et al., 1994; Alexandrescu et al., 1996; Cham-
solvent has long been advanced as the evidence for internal fleleerlain & Marqusee, 1997 The interpretation of the results has
ibility of the three-dimensional structure of proteins in solution been greatly enhanced by the publication of revised analyses of the
(Linderstrém-Lang, 1955; Hvidt & Nielsen, 1966; Tanford, 1870 €&ffects of primary structure on hydrogen exchange rdteset al.,

The exchange rates measured from the classical methods of infrd993; Connelly et al., 1993; Milne et al., 1998

red Spectroscopy or tritium tracer experimefﬁ]g|ander et a|_’ Myog|0bln is a 153-residue heme prOtein that has been the focus
1972 were analyzed in terms of two-state “breathing modes” offor a great deal of structural and kinetic work for a period of many
the protein and apparent thermodynamic parameters were detef€ars. Its structure is the paradigm globin fold of eight helices, a
mined (Hvidt & Nielsen, 1966; Tanford, 1970; Richarz et al., number of which are stable even under mild denaturing conditions.
1979. With the development of NMR, exchange kinetics of indi- A number of studies have utilized the relatively large number of
vidual amide protons in the proteins could be measured, for exslowly-exchanging amide protons in the carbon monoxide com-
ample, for basic pancreatic trypsin inhibitor and a group of relatecPlex of myoglobin(MbCO) to determine the stabilities of helices
proteins(Wagner & Wiithrich, 197 The hydrogen exchange data (Hughson et al., 1990and the rate of folding of the apoprotein

of proteins and nucleic acids have been interpreted in terms ofJennings & Wright, 1993; Tsui et al., 1999hese studies relied

solvent penetration aridr structural unfolding model€Englander ~ on site-specific hydrogen exchange data that had been obtained
from proton-only homonuclear NMR experiments; these results

Reprint requests to: Dr. Peter E. Wright or Dr. H. Jane Dyson, Depart are summarized in the present paper. As a preface for more exten-
ment of Molecular Biology MB2, The Scripps Research Institute, 1055051ve and systematic examination of the folding kinetics of a series

North Torrey Pines Road, La Jolla, California 92037; e-mail: wright@ Of myoglobin mutants, we have re-examined the hydrogen ex-
scripps.edu; dyson@scripps.edu. change of MbCO usingH-*°N heteronuclear single quantum co-
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herencé HSQO) spectra, which provide not only superior sensitivity exchanging amides are included in Table 1, with a notation as to
and rapidity of acquisition, but also give improved dispersion ofthe identity of the overlapped cross peaks. In some cases, the
the resonances through the relatively wide dispersion intthe  identity of the slowly-exchanging member of a pair of overlapped
dimension(Yao et al., 1997. cross peaks can be inferred with some certainty, since one of the
A total of 49 data points were recorded for MbCO at varioustwo is in a helical region of the protein, while the other is in an
times following the exchange of the protein into fully-deuteratedinterhelical loop. For example, the amides of residues 99 and 133
buffer. The initial data point was acquired at 19 min after buffer are overlappedFig. 1A), but 1le99 is present on the border of the
exchange, and the next nine points were acquired back-to-back & and G helices in the MbCO structure and is surrounded by
intervals of 13 min. In the initial spectrum there were 89 cross peaksast-exchanging amides, whereas Lys133 is toward the middle of
and by the end of 24 h, 48 cross peaks of reasonable intensity réhe H helix and has slowly exchanging amides on either side. In
mained, representing the maximum number of amide protons thaddition, Lys133 amide was used in the quench-flow experiments
could potentially be used as probes in a quench-flow hydrogeriJennings & Wright, 1998and was unambiguously identified in
exchange experiment. This number is comparable to the 38 amidiae proton experimentdable 1. The slowly-exchanging amide of
protons for which quench-flow kinetic data have been acquiredhis pair has therefore been assigned to Lys133, but with a notation
(Jennings & Wright, 1998 The initial HSQC spectrum at the low- in Table 1 that it is overlapped. In other cases, it is less clear which
est time point is shown in Figure 1A. The final spectrum, taken atof the overlapped amides is likely to be the slowly-exchanging
126 days, is shown in Figure 1B. A total of 23 cross peaks remainpne, for example, Vall14 and Leull5 cross peaks are overlapped,
some of which have decayed in intensity to such a small extent thand it is not clear whether one or both of these amides contribute
a reliable estimate of the exchange rate is difficult to make. to the cross peak in Figure 1B. In these cases, the observed ex-
The cross peaks in the initial spectrum were assigned to indichange rate is assigned to one of the overlapped resonances, but a
vidual amide protons according to published assignments at theotation is made in Table 1 that the rate could equally well apply
same pH and temperatuf@hériault et al., 1994 Cross peak to the other member of the pair or to both members. Finally, an
heights were normalized at each time point with reference to amxception occurs with the overlapped cross peak of Phe33 and
average of the cross peak heights of four well-resolved slowlyLeu69. The raw intensity of this cross peak is approximately twice
exchanging resonances, those of residues 29, 30, 32, and 1llthat of single-residue cross peaks in the same spectrum, an indi-
which show negligible change in intensity over the full time coursecation that both of these residues contribute intensity. In addition,
of the experiment. Exchange rates were computed using the prahe H data, for which the overlap is relieved in this case due to the
gram Templegraph, by nonlinear least-squares fitting to the crosgesolution of the K in the 2D COSY spectrum, show clear indi-
peak heights as a function of time after the start of the exchangeations of slowly-exchanging amides for both Phe33 and Leu69
into D,O. A similar procedure was followed for the proton-only (Table 1. Both of these residues have therefore been included in
experiments, where exchange rates were computed from data obable 1. If the exchange rates of two residues with overlapped
tained from homonuclear two-dimensiori@D) correlation spec- resonances are sufficiently well resolved in time, then it should be
troscopy(COSY) spectra. possible to fit the data to a multiple-exponential function and de-
Table 1 shows the rates of exchargg.,of 80 backbone amide rive both exchange rates. Although this procedure was attempted in
protons and one indole side-chain amide, derived from well-a number of cases, it was unsuccessful due to the errors in indi-
resolved cross peaks in theN-*H HSQC spectrum, together with  vidual data points. A similar problem occurs in the case of some
the intrinsic exchange ratdg,; derived empirically according to of the slower exchanging amides, for which the number of data
the local amino acid sequencé®olday et al., 1972; Bai et al., points that contribute significantly to the determination of the ex-
1993. These values were used to derive the protection factor PF athange rate may be quite smadl;.,values slower than 10 s™*
each backbone amide. In addition, overlapped cross peaks of slowly—log kexch > 7) are therefore not as precise as faster measured
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Fig. 1. *H-'5N HSQC spectra of MbCO showir@) the earliest19 min 2 $ and(B) the lates(126 day$time points after initiation
of the hydrogepideuterium exchange process.
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Table 1. Exchange rates and protection factors for MbCO {B%

S. Cavagnero et al.

) 5N datd H data

Helix
Residue number l0Kint 109 Kexch log PF l0gKexch log PF
Ser3 Al 0.01 -2.9 2.9
Glué A4 —-0.49 —-3.2 2.7
Trp7 A5 -0.70 -3.9 3.2
Trp7e® -2.9
GIn8 A6 -0.20 —3.5(M131)°¢ 3.3
Leu9d A7 —-0.52 —4.4(A144)° 3.9
Vall0 A8 —1.05 -7.3 6.3 -7.0 5.9
Leull A9 —-0.85 —-6.3 54 —6.6 5.7
Vall3 All —-0.70 —-3.2 2.5
Trpl4 Al2 -0.70 —-6.5 5.8 —-6.9 6.2
Alal5 Al3 —-0.26 —-3.6 3.4
Lys16 Al4 -0.72 —-4.0 3.2 —4.2 4.0
Vall7 Al5 -0.72 -6.9 6.2 —-6.8 6.1
Glul8 Al6 —0.80 —-5.1 4.3
Gly25 B6 0.26 —-3.6 3.9
Asp27 B8 -0.25 —-4.4 4.2
1le28 B9 —1.05 —6.4 5.3 —-7.5 6.4
Leu29 B10 —-0.96 -8.2 7.2 7.1 6.1
1le30 B11 —-1.10 -85 7.4 —-6.5 5.4
Arg31 B12 -0.3 —7.3(E54°¢ -7.0
Leu32 B13 —-0.51 —-8.3 7.8
Phe33 B14 —-0.60 —7.4(L69)¢ 6.8 —-7.8 7.2
Lys34 B15 —-0.13 =77 7.6
Ser35 B16 0.34 —-3.2 35
His36 Cc1 0.05 —4.5 4.5
Thr39 Cc4 -0.37 —5.7 5.3
Leu40 C5 —-0.52 -7.0 6.5
Glu4l C6 —0.85 —-3.6 2.8
Lys42 C7 -0.34 —-3.5 3.1
Phe43 CD1 -0.27 =57 5.4 -5.5 5.2
Leu49 D1 —-0.59 -3.0 2.4
Glu54 D6 —0.66 gL Arg31¢
Lys56 D8 —0.08 -3.3 3.2
Ala57 D9 -0.03 -34 3.4 -3.8 3.8
Ser58 D10 0.22 -3.3 3.5
Leu6l E4 —-0.92 —4.4 35
Lys62 E5 ~0.4 -39 35
Lys63 E6 -0.07 —-4.3 4.2
His64 E7 -0.13 —4.1 4.0
Gly65 E8 0.26 —-6.4 6.7 —6.5 6.8
Val66 E9 —-0.68 —-6.4 5.7 —-6.7 6.0
Thr67 E10 —0.36 —-34 3.0 —-3.4 3.0
Val68 E11l —0.66 —6.6 6.0 —-6.7 6.1
Leu69 E12 —-0.85 —-7.4F33° 6.6 -7.1 6.2
Thr70 E13 -0.43 —-6.7 6.3 —-6.9 6.5
Ala71 El14 0.05 -5.3 54 -5.2 5.3
Leu72 E15 —-0.72 -7.3 6.6 —-7.5 6.8
Gly73 E16 —-0.09 -7.0 6.9 —-6.9 6.8
Ala74 E17 0.02 -5.6 5.6 —-5.5 5.5
lle75 E18 -0.89 —7.6 6.7 —-7.3 6.4
Leu76 E19 —0.96 -7.2 6.2 —6.6 5.6
Lys77 E20 —-0.40 -5.8 54
Lys78 E21 -0.07 —-4.1 4.0
Lys79 E22 —0.07 —-4.4 4.3
Glu85 EF —0.66 —-4.8 4.1
Leu89 F4 —0.96 -3.0 2.0
Ala90 F5 —-0.36 —-3.8 3.4 —-3.7 3.4
GIn91 F6 —-0.09 -3.2 3.1
His93 F8 —0.05 -35 3.4 —-3.7 3.6
Ala94 F9 -0.01 —-4.7 4.7 -5.2 5.2

(continued
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Table 1. Continued

) 5N datd H data

Helix
Residue number l0gKint 109 Kexch log PF l0gKexch log PF
Thro5 F10 —-0.22 —-3.1 2.9 -3.5 3.3
1le99 FG -0.77 QL Lys133
Tyr103 G4 -0.30 —-5.2 4.9 —=5.1 4.8
Leulo4 G5 —0.68 —-6.3 5.6
Phel06 G7 —-0.54 —-4.8 4.3
lle107 G8 -0.82 —-6.4 5.6 -6.1 5.3
Serl08 G9 —-0.01 —-3.7 3.7
Glul09 G10 —0.36 —4.2 3.9
Ala110 G11 -0.30 —-5.6 5.3
lle111f G12 -0.89 <-8 >7
lle112 G13 -1.10 Q'L Phel38
His113 Gl4 —-0.48 —-5.3 4.8
Valll4 G15 -0.70 —6.7(L115)°¢ 6.0
Leull5 G16 -0.85 Q/L Val114°
His116 G17 —-0.46 /L Arg118°
Serll7 G18 0.36 -29 3.3
Arg118 G19 0.23 —3.5(H116)°¢ 3.7
GIn128 H5 -0.09 -3.0 2.9
Alal30 H7 0.02 —-3.2 3.2 —-3.7 3.7
Met131 H8 -0.16 QL GIng®
Asnl132 H9 0.45 —-4.3 4.7 —-4.5 4.9
Lys133 H10 0.13 —5.1(199)¢ 5.4 —5.2 5.3
Alal34 H11 -0.03 -7.1 7.1 —-7.3 7.3
Leul35 H12 -0.72 7.1 6.4
Glu136 H13 -0.85 -7.0 6.2
Leul37 H14 —0.89 —6.7 5.8
Phel38 H15 —-0.60 —6.7(1112)° 6.1 -6.9 6.3
Arg139 H16 -0.01 -7.0 7.0
Lys140 H17 0.03 —-5.8 5.8
Aspl41l H18 -0.33 -5.6 5.3
lle142 H19 —-1.05 —-7.8 6.7 -7.1 6.1
Alal143 H20 -0.38 —-6.4 6.0 -6.3 5.9
Alal44 H21 -0.15 QL Leud® —-3.8 3.7
Lys145 H22 -0.19 —-4.2 4.0 —-4.3 4.1
Tyrl46 H23 -0.30 —-4.5 4.2
Lys147 H24 -0.14 —2.8 2.6
Leul49 H26 -0.89 -3.3 2.4

aThe H/D exchange kinetic data range in accuracy fram% for well-determined data te50% for badly determined data,
particularly for the slowest-exchanging amide protons. These values were estimated from the standard error of the least-squares fits
expressed as relative standard deviation. All exchange rates in this table afe in s

bSide-chain indole NH.

¢Exchange rates that are ambiguous due to overlap of°fe'H cross peak in the HSQC spectrum, but for which either member
of the pair(or both could contribute to the observed exchange behavior. In the case of Phe33 and Leu69, it appears that the very slow
exchange rate applies to both residues, since the cross peak in the long-time spectra has an intensity approximately twice that of a single
resonance, and thi¢d data were able to distinguish them. For the remaining overlapped cross peaks of the HSQC spectrum, only one
of the residues has been identified, but the overlapping residue has been noted. In the case of Alal44-i¢atehmdicate that
the exchange rate applies to Alal44, but Leu9 was identified in previous(demkings & Wright, 19983as a slowly-exchanging amide

proton.

dResidues in bold were identified as slowly-exchanging in the quench-flow study of apomyoglobin faldimgngs & Wright,

1993.

®Exchange rates that are ambiguous due to overlap dfMe'H cross peak in the HSQC spectrum, but which can be assigned with

confidence to the residue shown. These pairs of residues are: Arg31-Glu54 and Lys133-1le99.

fThe exchange rates for the lle111 amide proton were too slow to be measured accurately within the experimental timescale of this
work. This residue was also one of those used to normalize the data before curve fitting. Therefore, only estimated upper limit value
of kex and lower limit value of PF are shown in the table.

rates. At the other extreme, exchange rates faster thad 40'

also included in Table 1. It is noticeable that these values in the

were very difficult to determine precisely, again due to the paucitymain agree very well with the more comprehensive set of data

of data points. The exchange rates obtained from!'thelata are

obtained from the">N-H spectra.
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The exchange rate is plotted as a function of residue number iexchanging amides are in the center of the helix; residues 29-34
Figure 2, which illustrates that the slowly-exchanging amides areappear to be connected by a line of unit slope, suggesting that
localized in the helices. In particular, the slowest rates of exchangéheir exchange is correlated and occurs through the same motion of
are seen in the B, E, and H helices, which are thereby identified athe structure. The faster-exchanging residues 25, 27, and 35 also
the most stable parts of the holomyoglobin molecule. These resultée on a line, although it is probably coincidental that the N- and
form an interesting contrast to the locations of secondary structur€-terminal parts of the helix appear on the same line. The in-
in the earliest folding intermediate of apomyoglolilennings &  creased exchange rates near the termini of helix B and many of the
Wright, 1993 and in the equilibrium molten globule that corre- other helices are an indication that the dynamic fraying is occur-
sponds to it(Eliezer et al., 1998 The earliest folded secondary ring in these regions.
structure is detected in the A, G, and H helices, and the B and E Another important factor in the exchange process is the degree
helices fold later, on an ms time scadllennings & Wright, 1998  to which the amide is sequestered from solvent by a surrounding
These differences are doubtless due to the presence of the henfgidrophobic medium. Those residues with the slowest exchange
which clearly stabilizes the structure of the helices that contact itrates according to Figure 3 are also those which are sequestered
This stabilization is seen in particular for the F helix, which in from solvent. This is illustrated in Figure 4. The B-heliig. 4A)
apomyoglobin appears to be in a state of conformational exchange rather uniformly well protected at the center, due to contacts
on a millisecond timescale, giving rise to broadened resonancesith the D-helix (toward the top of the figupeand the G-helix
(Eliezer & Wright, 1996. By contrast, in the holoprotein, the F (directly below the B-helix as well as extensive heme contacts
helix is sufficiently stable to protect some amide protons from(behind the B-helix By contrast, the G- and H-helicéEig. 4B)
exchanggTable 1; Fig. 2. are less uniformly protected in the center of the helix. In particular,

The presence of the heme group complicates a consideration dfie G-helix(Fig. 4B), as well as the E-helixnot shown, shows a
the exchange mechanisms of MbCO. A protein of the size ofperiodicity that indicates that only those amides that are buried in
myoglobin is expected to undergo exchange via an EX2 mechathe core of the protein are significantly protected: the protection of
nism, i.e., via local rather than global unfoldifigvidt & Nielsen, the solvent-exposed amides is quite low in some cases.

1966. Under these circumstances, the groups exposed by the sameAt the level of individual helices, the protection of the amides is
local opening motion can be identified by their relationship to eachunderstandable in terms of local unfolding reactions, as shown by
other along lines of unit slope in a plot of I8g..y) against logki.:) the relationships in Figure 3 and illustrated in Figure 4. Such
(Wand et al., 1986; Qiwen et al., 198%Buch a plot is shown in locally cooperative hydrogen exchange in helical segments has
Figure 3A for MbCO. Each of the helices contains residues assobeen observed in a number of protefifgagner & Wiithrich, 1982;
ciated with a number of lines. The helices with the majority of their Kuwajima & Baldwin, 1983; Wand et al., 1986; Louie et al., 1288
residues at the bottom of the figuigowest exchanginare the B,  The motions that give rise to these patterns of exchange are cru-
E, and H helices. The C-helix also has three residues in this regiortially dependent on the local amino acid sequence. Thus, despite
By contrast, all of the residues in the D- and F-helices are preserthe similarities in the structures of myoglobin and the plant-
at the top of the figure, indicating that the opening motion thatderived homologue leghemoglobin, there are significant differ-
results in exchange for these helices is rapid and complete. Amidences in their exchange behavior; for example, the A-helix is labile
protons in the loops that connect the helices, as well as severah leghemoglobin(Morikis & Wright, 1996 but quite stable in
amides in the D- and F-helices, exchange too rapidly to measure bylbCO. These stability differences are manifest in differences in
the techniques used here. On the other hand, a majority of ththe folding pathway, as shown by quench-flow hydrogen exchange
amides of the B-, E-, G-, and H-helices are represented in Table Ineasuremenitgdennings & Wright, 1993; C. Nishimura, S. Prytulla,
and those that are missing from Figure 3A are either overlapped dd.J. Dyson, P.E. Wright, in prep.Heme proteins, such as myo-

at the ends of the helices where they make the transition to solvenglobin and leghemoglobin, are particularly amenable to study by
exposed loops. quench-flow methods, due to the simplicity of the folding behav-

A similar pattern of exchange protection is seen for each helixior, as well as to the stabilization of the final folded state by the
Figure 3B shows the data for the B-helix alone. The slowest-heme, which allows detailed analysis of partly deuterated folding

intermediates by NMR.

10.0
8.0

Materials and methods: Sample preparationRecombinant®N-
labeled sperm whale apomyoglobiapoMb was prepared as
described previouslyJennings et al., 1995; Eliezer et al., 1997
The reconstitution of apoMb with heme was performed according
to published procedurggennings et al., 1995and the holopro-
tein was dissolved in 50 mM potassium phosphate isOH
(pH 5.6. The carbon monoxide complex of the reduced form of
myoglobin was prepared under anaerobic conditions in a CO-
saturated atmosphere. All the buffers and solutions used were
0 40 60 80 100 120 140 160 carefully CO-saturated prior to use. A threefold excess of sodium
Residue Number dithionite in 0.1 M NaOH was added to the myoglobin solution
Fig. 2. Logarithmic plot of the experimentally observed hydrogen (about 0.3 m.ll with Stirring. Excess dit.hionite and hemin Were
deuterium exchange ratégy.r) for MbCO after transfer of the protein into removed during the following step, which marked the beginning

D,O medium. The exchange rate of the Trp-side-chain proton is not Of the hydrogen-deuterium exchange process. The solution was
shown in this figure(see Table 1L rapidly passed through a small G-15 gel filtration colufmapacity

6.0

4.0

2.0

-log (exchange rate)

0.0
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Fig. 3. A: Plot of the logarithm of the intrinsic exchange rdkg,) against the logarithm of the measured exchange (iatg) for

MbCO. The data are differentiated according to which of the eight helices are diesdties in loops are included in the nearest helix

for clarity). Oblique lines with unit slope are drawn for illustrative purposes, and the entries are labeled with the residue number from
the MbCO sequenc®: Selection of the data froA showing the points for the B-helix only. The two oblique lines represent estimates
obtained by eye for the best fit of a line of unit slope to points at the ends of the(hplper ling and in the middle of the helidower

line).

3 mL) that had been pre-equilibrated in 50 mM potassium phosfirst eight days. Subsequent data were collected at daily or weekly
phate in BO (pH* 5.2). pH* denotes the apparent pH-meter read- intervals to obtain information about the hydrogdauterium ex-

ing. Corrected for the deuterium isotope effect, the pD value is 5.6change rates of slowly exchanging amide protons. The NMR sam-
The column eluate was collected directly into the NMR tube undemple was kept in a thermostated bath at£3% °C while undergoing

a CO-saturated atmosphere. The time corresponding to proteiexchange outside the magnet. The range of collected time points
loading on the column marked the beginning of the hydrggen was from 19 min to 126 days.

deuterium exchange process. The overall dead time of the exper- Preparation of the unlabeled samples of sperm whale MbCO
iment, spanning from sample loading on the column to the beginningised to obtain the proton-only data followed established protocols
of NMR data acquisition, was 19 min and 2 s. Hydroggguterium  (Dalvit & Wright, 1987)

exchange experiments were carried out under temperature-controlled

conditions(35 £+ 0.1°C) in the magnet. Initially, data were col- NMR spectroscopyThe time course of hydrogg¢deuterium ex-
lected every few minutes, then every few hours until the end of theehange was followed for thé®N-labeled samples by recording
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collected at each time point. Peak intensities within each spectrum
were normalized to the average of four long-lived cross peaks.
Data were fitted by a nonlinear least-squares algorithm to a single
exponential decay with the Kaleidagraph packé&ggnergy Soft-
ware, Reading, Pennsylvahiar with the Templegraph package
(Mihalisin Associates, Maple Glen, Pennsylvanieincertainties

for the hydrogerideuterium exchange rate constants derived from
experimental dat#éks,.) were estimated from the standard devi-
ations obtained from the covariance matrix of the curve-fitting
algorithm. Protection factoréPF) were calculated fronke,.,and

Kint (PF= Kexcr/Kint)- kint denotes the intrinsic hydroggteuterium

rate constant of the residue of interest within a short reference
peptide. Values were calculated by known meth@dgsglander &
Poulsen, 1969; Englander et al., 19Z®d were corrected for the
effect of local sequence differencddolday et al., 1972; Bai et al.,
1993, and experimental pH and temperat(Emglander & Poulsen,
1969; Englander et al., 1979; Connelly et al., 1993

Fig. 4. Stereo representations of the backbone structure of MbCO showinACknOWlecjgmemS: We thank Gerard Kroon for help with analysis of

the position of amides ifA) the B-helix and B) the G- and H-helices. Red the data. Mark Chiu acquired some prelimindfj data on amide ex-

L . h : ange in MbCO. This work was supported by grants GM343%0H.W)
spher_es |nd.|cate amldes_ with EXChaf‘ge rates .tO(.) fast to measure in the H. d GM57374H.J.D) from the National Institutes of Health, and, in part,
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