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ABSTRACT: Hydrogen-exchange rates have been measured for individual assigned amide protons in M 13 
coat protein, a 50-residue integral membrane protein, using a 13C nuclear magnetic resonance (NMR) 
equilibrium isotope shift technique. The locations of the more rapidly exchanging amides have been 
determined. In D 2 0  solutions, a peptide carbonyl resonance undergoes a small upfield isotope shift (0.08-0.09 
ppm) from its position in H,O solutions; in 1:l H 2 0 / D 2 0  mixtures, the carbonyl line shape is determined 
by the exchange rate a t  the adjacent nitrogen atom. M13 coat protein was labeled biosynthetically with 
I3C at  the peptide carbonyls of alanine, glycine, phenylalanine, proline, and lysine, and the exchange rates 
of 12 assigned amide protons in the hydrophilic regions were measured as a function of p H  by using the 
isotope shift method. This equilibrium technique is sensitive to the more rapidly exchanging protons which 
are  difficult to measure by classical exchange-out experiments. In proteins, structural factors, notably H 
bonding, can decrease the exchange rate of an amide proton by many orders of magnitude from that observed 
in the freely exposed amides of model peptides such as poly(DL-alanine). With corrections for sequence-related 
inductive effects [Molday, R. S., Englander, S. W., & Kallen, R. G. (1972) Biochemistry 11, 150-1581, 
the retardation of amide exchange in sodium dodecyl sulfate solubilized coat protein has been calculated 
with respect to poly(DL-alanine). The  most rapidly exchanging protons, which are  retarded very little or 
not a t  all, are  shown to occur a t  the N- and C-termini of the molecule. In the N-terminal region, up to 
and including aspartic acid- 12, retardations no more than about 20-fold are observed; these exchange rates 
are much more rapid than the values determined for regions of stable secondary structure in other proteins. 
Proceeding inward from the C-terminus, by contrast, reveals a steep and progressive increase in retardation 
of the exchange rate from threonine-46 to leucine-41 in a manner suggestive of the fraying end of a helical 
segment. A model of the detergent-solubilized coat protein is constructed from these H-exchange data which 
is consistent with circular dichroism and other NMR results. 

M e a s u r e m e n t  of the exchange rates of backbone amide 
protons in a protein has been recognized for many years to 
be a potential source of structural and dynamic information. 
The initial H-exchange experiments on model polypeptides 
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(Linderstrom-Lang, 1955; Linderstrom-Lang & Schellman, 
1959) in fact provided much of the initial impetus for the 
development of current concepts of conformational fluctuations 
in proteins. Although the interpretation of H-exchange data 
is still controversial (Woodward et al., 1982; Englander & 
Kallenbach, 1984), the rates of exchange of amide protons with 
the solvent are generally considered to be heavily influenced 
by H bonding, for example, amide exchange rates were re- 
cently used to corroborate the solution structure of the lac 
repressor head piece as determined by nuclear magnetic res- 
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onance (NMR)’ techniques (Boelens et al., 1985). H-ex- 
change experiments can also provide information on the 
conformational equilibria (Le,, folding and unfolding of a 
segment of polypeptide chain) which by necessity precede the 
exchange event (Roder et ai., 1985). 

Detailed interpretation of H-exchange data relies heavily 
on the resolution of individual amide protons which can be 
attributed to specific amino acids in the primary sequence. 
Recently, the application of two-dimensional ‘H N M R  
spectroscopy to proteins has led to greatly enhanced resolution 
and aided assignment of the amide proton region. The most 
notable example is the basic pancreatic trypsin inhibitor and 
its analogues (Wagner & Wuthrich, 1982a,b; Strop & 
Wuthrich, 1983; Wagner et al., 1984; Tuchsen & Woodward, 
1985); other examples include apamin (Wemmet & Kallen- 
bach, 1983; Dempsey, 1986), the lac repressor head piece 
(Boelens et al., 1985), the S-peptide of ribonuclease S (Ku- 
wajima & Baldwin, 1983), the terminal helix of cytochrome 
c (Wand et al., 1985), and several adjacent protons from the 
F-helix of myoglobin (Vasent Kumar & Kallenbach, 1985). 
As a result, amide exchange rates are now known for a number 
of assigned protons in several small proteins. As an alternative 
to these more traditional proton-detected “exchange-out” ex- 
periments, in which the protonated protein gradually equili- 
brates with a vast excess of solvent D20,  we have applied an 
indirect 13C equilibrium approach (Feeney et al., 1974; Hawkes 
et al., 1978; Kainosho & Tsuji, 1982) to the measurement of 
H exchange in the detergent-solubilized coat protein of the 
filamentous coliphage M 13. The biosynthetic incorporation 
of a number of 13C-l (carbonyl) labels into M13 coat protein 
and the assignment of the I3C N M R  spectra were described 
in the preceding paper (Henry et al., 1987). H-exchange rates 
have been determined for the amide proton of the adjacent 
amino acid from the line shape of the isotopically shifted 
carbonyl resonances in equimolar H 2 0 / D 2 0  solutions (Feeney 
et al., 1974). This method provides resolution, through the 
isotopically enriched carbon atoms, which is not readily ob- 
tainable in the ‘H spectrum of M13 coat protein (Cross et al., 
1980); it also provides a method for measuring the most rapidly 
exchanging amide protons in a protein which are not normally 
accessible except perhaps at  low pH values and low temper- 
atures. Exchange rates, as a function of pH, have been de- 
termined for 12 individual assigned amide protons of SDS- 
solubilized M13 coat protein. 

M 13 coat protein is a 50-residue amphiphilic polypeptide 
with 2 charged hydrophilic domains flanking a 19-residue 
hydrophobic core (Asbeck et al., 1969; Nakashima & Ko- 
nigsberg, 1974). The sequence is given in Figure 1 of the 
preceding paper (Henry et ai., 1987). During the reproductive 
cycle of the phage, the coat protein exists alternately as an 
a-helical rod in the mature virus (Marvin, 1966; Marvin et 
al., 1974) and as an integral protein of less certain structure 
in the inner membrane of the host Escherichia coli cell 
(Smilowitz et al., 1972). The detergent-solubilized form of 
the protein, which was suggested to contain about 50% a-helix 
and 30% P-sheet from circular dichroism data, is considered 
to be a reasonable model of the membrane-bound form 
(Nozaki et ai., 1976, 1978). The H-exchange results have been 
correlated with our previous quantitative (Henry et al., 1986) 
and qualitative (Henry et al., 1987) dynamic studies to produce 
a model for the protein-detergent complex. 

I Abbreviations: NMR, nuclear magnetic resonance; SDS, sodium 
dodecyl sulfate; ppm, parts per million; *A, two-bond isotope shift; PDLA, 
pOly(DL-ahine); Me&, tetramethylsilane; T ,  mean exchange lifetime; 3 

T,, overall rotational correlation time. 

EXPERIMENTAL PROCEDURES 
Labeled phage and protein-containing SDS micelles were 

prepared as described in the preceding paper (Henry et al., 
1987). Samples in 50% D 2 0  were concentrated to half their 
final volume and diluted with D20-containing buffer such that 
the final solution contained 10 mM SDS, 5 mM sodium borate, 
90 mM sodium chloride, and 1:l H 2 0 / D 2 0  by volume. The 
buffer concentration was kept to a minimum in order to 
maintain a constant ionic strength throughout the pH titration 
range. Samples prepared in H20  contained 5-10s D 2 0  to 
provide a lock signal. The pH measurements are direct meter 
readings, uncorrected for the presence of D 2 0 .  pH readings 
were taken both before and after collection of the N M R  
spectrum and always agreed to within at  least 0.1 pH unit, 
even though the samples were not well buffered throughout 
the entire pH titration range. 

13C NMR spectra were recorded at 75.45 MHz on a Nicolet 
N T  300 WB spectrometer using MLEV16 decoupling (Levitt 
& Freeman, 1981). Typically, 8K data points were collected 
with a sweep width of i 2 0 0 0  Hz, giving a spectral resolution 
of about 1 Hz. Chemical shifts are given relative to Me,& 
at 0 ppm and measured with respect to internal dioxane and 
67.37 ppm (Shindo et al., 1978). Exchange rates were mea- 
sured by fitting the spectra to simulated spectra generated by 
the Nicolet two-site exchange program NMRXCH. For curve 
fitting, the free induction decay was zero-filled to 16K data 
points and a 1-2-Hz line broadening applied. This is in 
contrast to Figures 1-5 which have been resolution enhanced. 
The isotope shift, 2A, was determined by fitting simulated 
curves to spectra obtained at  low pH. 

THEORY 
Measurement of H-Exchange Rates. The 13C resonance 

of a peptide carbonyl carbon undergoes a small two-bond 
upfield isotope shift (2A = +0.084.09 ppm) upon deuteriation 
of the adjacent amide nitrogen atom [Feeney et al., 1974; see 
also Hansen (1983)l: 

-cHR\ /D 

/ / \  
/H + (D) l3C--N + (H) l3C--N 

0 1’ \CHR/- 0 CHR‘- 

-cHR\ 

This corresponds to a shift of 6-7 Hz at  a spectrometer fre- 
quency of 75 MHz. In a 1:l H 2 0 / D 2 0  mixture, the line shape 
of the carbonyl resonance is determined by the rate of ex- 
change of protein-bound protons or deuterons with those of 
the solvent. This situation is described by the classic two-site 
exchange equation of McConnell (1958). The dependence of 
line shape on exchange rate is determined by the frequency 
difference of the two forms in the absence of exchange, in this 
case, the shifts of the individual protonated and deuteriated 
species. In 1:l H 2 0 / D 2 0  mixtures, two peaks are observed 
in the slow exchange limit [T  >> 1 / 2 ~ ( ~ A ) ]  corresponding to 
I3CONH (downfield) and I3COND (upfield) (Feeney et al., 
1974), where 2A is the isotope shift in hertz and T is the mean 
lifetime, defined in terms of the individual lifetimes of the 
protonated and deuteriated forms ( T ~  and T ~ ,  respectively): 

= 7HTD/(TH + TD) (1) 

In the fast exchange limit [T  << 1 / 2 ~ ( ~ A ) ] ,  a single resonance 
is observed at  an average chemical shift. It should be noted 
that the terms “fast” and “slow” as defined in the context of 
exchange lifetimes are operational definitions in terms of 
~ T ( ~ A )  (where 1 / ~  = 2k,, 40 s-l) and do not necessarily 
comment on H-exchange rates on an absolute scale. 

In between the slow and fast exchange limits, an interme- 
diate series of spectra is observed. Within this window 
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(corresponding to an exchange rate k,, 2-125 s-I), the line 
shape of the carbonyl carbon may be used to determine T by 
comparing experimental spectra with computer simulations. 
This requres a knowledge of the line width in the absence of 
exchange, which was obtained from spectra acquired in water 
and/or in the slow exchange limit. It was assumed that the 
line widths of the protonated and deuteriated species were 
equal. It should be noted that the carbonyl carbon reflects 
exchange at the amide nitrogen of the succeeding residue, Le., 
the carbonyl carbon of phenylalanine- 1 1 reflects exchange a t  
aspartic acid-12. 

Hydrogen-exchange rates may be brought from the slow to 
the fast exchange limits (Le., into the experimental “window”) 
by adjusting either pH or temperature. Exchange is catalyzed 
by both H+ and OH- and is generally described by 

k,, = k,[H+] + ko,[OH-] (2) 
where kH and koH are acid- and base-catalyzed rate constants. 
For model peptides, koH is about 6 orders of magnitude greater 
than kH, resulting in a minimum H-exchange rate a t  p H  -3. 
Above p H  =4, the rate is proportional to [OH-] increasing 
10-fold for each unit rise in p H  [see Englander and Kallenbach 
(1984)l. All of the experiments described herein are on the 
base-catalyzed limb of the rate vs. p H  curve. Assuming rH 
= T ~ ,  the exchange rate of an individual proton, k,,, is given 
(from eq 1) as k,, = 1 /2T. This is equivalent to assuming that 
the populations of the protonated and deuteriated forms of the 
protein reflect the isotopic composition of the solvent; Le., there 
is no equilibrium isotope effect. Such an isotope effect does 
exist (Hvidt & Nielsen, 1966; Englander & Poulsen, 1969; 
Englander et al., 1972), but it is small enough to be neglected. 
However, in the presence of only 50% H 2 0 ,  eq 2 becomes (in 
the base-catalyzed regime) k,, = koH[OH-],,,,,,d/2; thus T, 
the mean lifetime derived from spectral simulations, is given: 

/. = 2kex = kOH[oH-l~easured (3) 
where is the total concentration of OH- and OD- 
determined from the pH meter reading. As an alternative to 
line shape analysis using computer simulations, the exchange 
rate may be judged from the p H  of coalescence of the two 
lines; the characteristic line shape of the coalescence point [T 
N ~ T ( ~ A ) ]  may be obtained with reasonable accuracy by 
inspection and used to calculate k,, and koH. This is partic- 
ularly useful if two resonances overlap or if the line shape in 
water is unusual. Strictly, the line shape a t  coalescence 
corresponds to this given rate only if the line width is very 
much less than 2A, which is not the case. However, spectral 
simulations using appropriate *A values show that even if  the 
line width equals *A, the apparent exchange rate is reduced 
only by a factor of about 1.6, well within the accuracy of the 
experiment. 

The base-catalyzed rate constant, koH, can be used to 
measure the retardation of exchange for a given proton in the 
protein in comparison to an  unstructured (non-H-bonded) 
model peptide such as pOIy(DL-ahine) (Englander & Poulsen, 
1969). At room temperature and a frequency of 75 MHz, the 
isotope shift technique is sensitive to retardations between 1- 
and (1 X 104)-fold compared with the exposed amide protons 
of PDLA. The upper limit is imposed by the concentration 
of OH- ions to which a protein may reasonably be exposed. 

RESULTS 
The incorporation of [ 13C]carbonyl-labeled amino acids 

(alanine, glycine, lysine, proline, and phenylalanine) into M13 
coat protein has been described previously (Henry et al., 1987). 
Twelve of these resonances have been assigned: alanine- 1, 
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FIGURE 1: 75-MHz I3c N M R  spectra of the carbonyl carbon of 
glycine-3 (right) in equimolar H 2 0 / D , 0  as a function of pH. To 
the left are simulated spectra from which the exchange rates of the 
adjacent amide proton (aspartic acid-4) were obtained. The protein 
concentration was 0.8 mM, and 5000 scans were collected. A line 
broadening of I Hz was used. The upfield shift at higher pH values 
is caused by deprotonation of the a-amino group of alanine- 1. 

glycine-3, proline-6, lysine-8, and phenylalanine- 1 1 from the 
N-terminus and lysine-40, phenylalanine-42, lysine-43/44, 
phenylalanine-45, lysine-48, and alanine-49 from the C-ter- 
minus. 

The deuterium isotope shift on the carbonyl carbon is rel- 
atively small (6-7 Hz), and the method relies heavily on the 
narrow line width of the carbonyl carbon for resolution. For 
this reason, SDS was used to solubilize the protein as the line 
widths of many of the backbone carbonyl resonances in other 
detergents (such as deoxycholate or octyl glucoside) are much 
broader than would be expected from the known value of T ~ ,  

the overall correlation time, suggesting aggregation or con- 
formational heterogeneity (Henry et al., 1986; G. D. Henry, 
J. H. Weiner, and B. D. Sykes, unpublished data). The coat 
protein-SDS complex is a dimer which binds -60 molecules 
of SDS under these conditions (Makino et al., 1975) and has 
an overall correlation time of about s (Henry et al., 1986). 
The carbonyl carbons resonate in a region between 170 and 
180 ppm downfield of Me&. The exchange rates of the amide 
protons were determined from a series of pH titrations of the 
individually labeled proteins, and will be discussed in turn. 

(a )  Glycine Label. The glycine-3 resonance, reflecting 
exchange at aspartic acid-4, provides a good example of the 
application of the equilibrium isotope shift method to the 
measurement of exchange rates. Glycine-3 gives rise to one 
of the narrowest carbonyl resonances in the protein and is part 
of the short mobile region a t  the N-terminus of the protein 
[see Henry et al. (1987)l. The other three glycines, which 
reside in the hydrophobic region, resonate downfield of gly- 
cine-3 and have not been assigned. pH titration of C-1 gly- 
cine-labeled coat protein in 1:l H,O/D,O results in a series 
of spectra characteristic of two-site exchange (Figure 1); the 
exchange rate is in the slow limit below pH 7.1 and in the fast 
limit above pH 9.3 with a coalescence pH between 8.0 and 
8.3. Using a line width of 2.7 Hz  (including 1-Hz line 
broadening) and a peak to peak separation of 6.0 Hz, we 
obtained the exchange rates, k,, (also given in Figure l) ,  from 
curve fitting to the two-site exchange equation. Complete 
titration between the slow and fast limits occurs over 2 pH 
units, and the technique can be seen to be sensitive to values 
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Table I: Retardation of Exchange Rates of Amide Protons in MI 3 Coat Protein in Comparison with Poly(DL-aianine) 
coalescence corrected log 

labeled residue adjacent amide pH at 23 OC t,,2 at pH 7.0 (s) log koH (M-I s-')O koH (M-I s - I ) ~  retardation ( l /KOJc 
Ala- 1 Glu-2 6.05 0.0039 9.55 1.9 0.8 

Pro-6 Ala-7 8.2 0.69 7.3 7.3 4 
LYS-8 Ala-9 8.7 2.19 6.8 6.5 16 
Phe- 1 1 Asp- 12 8.9 2.76 6.7 6.5 16 
Lys-40 Leu-4 1 -12 4383 3.5 3.2 31500 
Phe-42 Lys-43 11.0 438 4.5/4.0* 4.3 2500 
Lys-43 Lys-44 10.5 138 5.0 4.6 1250 
Lys-44 Phe-45 10.5 138 5.0 5.0 500 
Phe-45 Thr-46 9.7 17.44 5.9 5.3 250 

Ala-49 Ser-50 8.7 2.19 6.8 7.65 1 

Gly-3 ASP-4 8.1 0.44 7.5/7.4* 7.1 4 

Lys-48 Ala-49 8.0 0.438 7.5/7.8* 7.2 3 

"Values indicated with an asterisk were determined from the slopes in Figure 6. 'log koH values were adjusted for primary sequence effects 
according to values calculated from model peptides by Molday et al. (1972) (see text). cRetardations with respect to poly(DL-alanine), calculated 
from the corrected koH values. A koH value of 5 X lo7 M-' s-l w as used for poly(DL-alanine) determined from the data of Englander and Poulsen 
(1969) and adjusted to 23 OC by using their activation energy value of 73.15 kJ mol-'. 

of k,, between 2 and 125 s-I (7 N 0.25-0.004 s). The rate 
of exchange at  coalescence (where the peak no longer has a 
flat-topped appearance) is between 12.5 and 27 s-I. This is 
fully consistent with the predicted value of 20 s-I). The 
chemical shift of glycine-3 is sensitive to the protonation state 
of the a-amino group of alanine-1 (pKa = 8.8). This results 
in an upfield shift over the latter part of the pH titration which 
should not affect the exchange rate in any way. 

The base-catalyzed rate constant koH can be obtained from 
the coalescence point (1 / T  = koHIOH-]measured) or more ac- 
curately from a plot of -log T vs. pHmeasured, according to eq 
3 (Figure 6). The slope of this plot is 0.97, close to the pre- 
dicted value of 1 .O which is obtained with model peptides and 
many individual protons in proteins. The koH values of as- 
partic acid-4 and other protons are summarized in Table I. 
Amide exchange rates in proteins are not independent of 
primary sequence; however, except in unusual circumstances, 
these effects are reasonably small (<lo-fold) [discussed by 
Englander and Kallenbach (1 984)]. Using a series of model 
peptides, Molday et al. (1972) showed primary sequence effects 
(which are largely inductive effects) to be of short range, 
depending only on the nature of the exchanging residue and 
the residue preceding it in the sequence (the exchanging 
residue and the labeled residue in our situation). These authors 
compiled a table of "correction factors" which relate the ex- 
change rate of a residue in a given sequence with that of 
poly(DL-alanine) in order that sequence-independent retar- 
dations of exchange may be calculated. All of the koH values 
given in Table I were adjusted according to the Molday factors; 
with the exception of the terminal residues (discussed later), 
these were very small. The largest correction (excluding the 
terminal residues) was applied to phenylalanine-45, resulting 
in a "corrected" exchange rate 4 times slower than the mea- 
sured value. All other corrections resulted in an exchange rate 
1-2.5 times slower than the measured rate. The corrected koH 
value was used to measure retardation of exchange by com- 
parison with the koH value obtained for the freely exposed 
(non-hydrogen-bonded) amide protons of pOly(DL-ak"e) 
(PDLA) Hvidt & Nielsen, 1966; Englander & Poulsen, 1969). 
The amide of aspartic acid-4 has an effective exchange rate 
5-fold slower than PDLA. 

(b )  Lysine Label. Four of the five lysine residues (40, 43, 
44, and 48) are clustered in the C-terminal region of the 
molecule; the exception is lysine-8 [see Figure 1 of Henry et 
al. (1987)l. These monitor exchange at alanine-9, leucine-41, 
lysine-44, phenylalanine-45, and alanine-49. pH titrations of 
spectra acquired in HzO and 1:l H z 0 / D 2 0  are compared in 
Figure 2a,b. Lysines-43 and -44 appear as a single peak in 

K40 K43,44 K8 1 K48 PH 
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FIGURE 2: 75-MHz I3C NMR spectra of the carbonyl region of 
[I-'3C]lysine-labeled coat protein (0.7 mM) in SDS as a function of 
pH. (a) 95% H 2 0 ;  (b) pH titration in 1:l H 2 0 / D 2 0  showing coa- 
lescence of the isotopically shifted resonances at different pH values. 
In both (a) and (b), 5000 transients were averaged, and the free 
induction decay was weighted by multiplication with a double-ex- 
ponential function to improve resolution. 

95% H 2 0  at low pH values but are separated in to  two peaks 
at pH -5. On the other hand, lysine-8 exists as a "doublet" 
in 95% H 2 0  over most of the range of the pH titration but 
is a single Lorentzian line at pH 4.0. The origin of the "double 
resonances" for certain amino acid residues in M13 coat 
protein will be the subject of a separate paper. The chemical 
shift changes of the lysine resonances with pH are small 
compared to their total dispersion, suggesting that no major 
conformational change occurs which involves the lysine resi- 
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dues over the pH range of the titration. A small downfield 
shift (0.5 ppm) of the lysine carbonyl carbon is observed in 
the model peptide Gly-Gly-Lys-Gly-Gly upon deprotonation 
of the 6-amino group (Keim et al., 1974). This probably 
accounts for the downfield shift observed at high pH for ly- 
sines-43, -44, and -48 in Figures 2 and 3. 

The lysine label exhibits a wide range of amide exchange 
rates. Lysine-48, which like glycine-3 is one of the mobile 
terminal residues (Henry et al., 1987), reports exchange at 
alanine-49. The coalescence pH of approximately 8.0 (Table 
I) is only slightly higher than that expected for the freely 
exposed PDLA. A plot of -log 7 vs. pHmeasured for alanine-49 
(Figure 6) is a straight line with a slope of 0.93, showing that 
eq 3 provides a satisfactory description of exchange in the 
OH--catalyzed region. After small corrections for the Molday 
effects to koH, alanine-49 is only 3-fold retarded with respect 
to PDLA. At the other end of the scale, lysine-40 does not 
approach coalescence until p H  12, representing a (3.1 X 
104)-fold retardation of leucine-41 over PDLA. pH mea- 
surements above 12 are not possible owing to the sodium 
sensitivity of the glass electrode. There are amide protons in 
M13 coat protein which exchange more slowly than leucine-41 
(Cross & Opella, 1980; J. D. J. O’Neil and B. D. Sykes, 
unpublished results), but this degree of retardation represents 
the limit of the isotope exchange technique a t  room temper- 
ature. The other lysine residues reflect exchange rates which 
lie between these two extremes. The doublet character of 
lysine-8 in water (Figure 2) results in complex “triplet” in 
H 2 0 / D 2 0  mixtures due to resonance overlap. The triplet 
collapses to a doublet a t  about p H  9.0 and to a single Lor- 
entzian line between pH 10.5 and 11.6. p H  titration in H 2 0  
(Figure 2) shows the lower p H  transition to be collapse of the 
CONH and COND peaks due to exchange a t  alanine-9. In 
a similar way, lysines-43 and -44 yield a triplet in H 2 0 / D 2 0  
due to the poor resolution of the individual resonance lines. 
These adjacent residues nevertheless appear to reflect similar 
rates of exchange, and the p H  of coalescence for both was 
estimated to be 10.5, representing a retardation of approxi- 
mately 1.2 X lo3 for lysine-44 and 5 X 10’ for phenyl- 
alanine-45, respectively. None of these resonances have line 
shapes suitable for determination of the exchange rate from 
computer simulations, and koH was determined from the 
coalescence pH. 

( c )  Phenylalanine Label. The three phenylalanine residues 
occur in both the N- and C-terminal regions. Near the N- 
terminus, phenylalanine- 1 1 records exchange at aspartic 
acid-1 2 whereas in the C-terminal region two phenylalanine 
residues, phenylalanine-42 and phenylalanine-45 (reporting 
on exchange at lysine-43 and threonine-46, respectively), flank 
the pair of adjacent lysine residues. The 13C N M R  spectra 
of the labeled protein in 95% H 2 0  (Figure 3) show that 
phenylalanine-45 is a doublet like lysine-8; this persists until 
pH values above 12  are reached. This again results in a triplet 
composed of overlapping doublets when the protein is in 1:l 
H20/D20.  Phenylalanine-42 and phenylalanine-45 undergo 
small (-0.5 ppm) downfield shifts a t  high pH, probably re- 
sulting from deprotonation of the adjacent lysine residues. 
Phenylalanine-I 1, in 50% H,0/50% D20, coalesces a t  pH 8.9, 
giving a 16-fold retardation for aspartic acid- 12 over PDLA, 
similar to alanine-9. Phenylalanine-45 and phenylalanine-42 
coalesce at pH values of 9.7 and 11 .O, respectively (Table I), 
representing retardations of 250 for threonine-46 and (2.5 X 
103)-fold for lysine-43. Direct measurement of exchange rates 
is possible for both the phenylalanine- 11 and phenylalanine-42 
labels. The latter residue, which yields the exchange rates of 
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FIGURE 3: Carbonyl region of the 75-MHz I3C NMR spectrum as 
a function of pH for SDS-solubilized coat protein labeled with [ 1- 
’3C]phenylalanine in (left) 95% H 2 0  and (right) 50% H20/50% D20. 
The protein concentration was 0.7 mM in each case, and the resolution 
was enhanced by weighting the free induction decay with a double- 
exponential function. 5000 transients were averaged. 

lysine-43, gives a slope of 1.1 in a plot of -log 7 vs. pHmeasured 
(Figure 6) and allows koH to be calculated directly (Table I). 
At higher p H  values (above 11.4), the exchange rate of ly- 
sine-43 becomes independent of pH. Aspartic acid- 12, on the 
other hand, gives a slope of 2 in Figure 6, indicating that eq 
3 does not apply. This could be due to a pH-dependent local 
conformational change involving aspartic acid-4 and resulting 
in a transition from a more slowly exchanging form to a more 
rapidly exchanging form. Other explanations are possible, 
however, and will be treated further in the discussion. Ex- 
trapolation of koH from the coalescence point relies on the 
relationship of eq 3; if the slope deviates from 1 during the 
pH titration, koH cannot be estimated reliably. If the deviation 
from unit slope represents a conformational change, then koH 
determined from the coalescence point will represent a 
weighted average of the koH values of the two forms. 

( d )  Proline Label. The single proline residue, proline-6, 
provides another example of peak splitting in H 2 0  (Figure 4a); 
this disappears above p H  1 1  and below pH 5. In 1 :1 H20/  
D 2 0  (Figure 4b), typical C O N H  and COND peaks are ob- 
served at pH 4.3, but a triplet exists at higher pH values. The 
coalescence p H  was judged to be ~ 8 . 2 ,  resulting in an ap- 
proximately 4-fold retardation for alanine-7 (Table I). 

( e )  Alanine Label. Of the 10 alanine residues, only ala- 
nine- 1 and the penultimate residue, alanine-49, offer sufficient 
resolution for the determination of amide exchange rates. 
These two residues are of particular interest as they represent 
the terminal amides of the protein, glutamic acid-2 and se- 
rine-50; they also represent two of the more mobile residues 
in M13 coat protein (Henry et al., 1986a, 1987). The model 
compound experiments of Molday et al. ( I  972) show that the 
N- and C-terminal amides, unlike the rest, are subject to 
relatively large effects from the charged terminal groups. The 
N-terminal amide proton is more easily abstracted than it 
would be otherwise (due mainly to inductive effects) whereas 
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FIGURE 4: Carbonyl region of the 75-MHz I3C N M R  spectrum of 
[l-’3C]proline-labeled M I 3  coat protein in SDS micelles as a function 
of pH. (a) 90% H,O; (b) 1:l H 2 0 / D 2 0 .  The protein concentration 
was 0.8 m M  in both sets of spectra. 10000 transients were averaged. 
The minor upfield resonances probably arise from glutamic acid 
backbone carbonyls; glutamic acid is the major catabolite of proline. 

the reverse is true for the C-terminal amide. This is demon- 
strated in Figure 5;  a pH titration of C-1 alanine-labeled coat 
protein in H,O is given in Figure 3 of Henry et al. (1987). 

In 1:l H 2 0 / D 2 0 ,  the alanine-1 resonances enter the ex- 
change “window” at very low pH values. The coalescence pH 
was estimated to be 6.1, which is well below that which would 
be expected for PDLA (7.9). Above pH 7, the alanine-1 
resonance begins to shift downfield and broaden considerably 
due to deprotonation of the N-terminal amino group (pKa = 
8.8). Alanine-49 (reflecting exchange at  serine-50), on the 
other hand, exchanges 8 times more slowly than PDLA and 
450 times more slowly than alanine-1 (reflecting exchange at 
glutamic acid-2); the coalescence pH was 8.7 (Table I). 
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and -49 is shown. The protein concentration was 1.25 mM, and 5000 
transients were averaged. Resolution was enhanced by weighting the 
free induction decay with a double exponential function. 

4 6 8 10 12 14 

PHmeasund 

FIGURE 6:  Plot of -log T vs. pHmeasured (see eq 3) for Glu-2 (0), slope 
= 1.73; Asp-4 (e), slope = 0.97; Asp-12 (m), slope = 2.04; Lys-43 
(O), slope = 1.10; Ala-49 (A), slope = 0.93; and Ser-50 (A), slope 
= 1.54. Poly(DL-alanine) (---), slope = 1.00, is included for com- 
parison. koH is calculated from the intercept (intercept on the abscissa 
is 14 -log koH). pHmeasured is p(H + D). No  correction was made 
for deuterium isotope effects on the glass electrode, or the populations 
of protonated and deuteriated species. T is equal to 1 /2ke,. This graph 
is equivalent to the more conventional log k,, vs. pH plots obtained 
from measurements made in a solvent composed of a sinale isotoDic 
species where the relevent catalyst concentration is [OH-];nsasured and 
not [oH-lmea$ured/2. 

Application of the Molday factors, however, leads to exchange 
rates for both glutamic acid-2 and serine-50 which are very 
similar to that of PDLA (actually retardations of 0.8 and 1, 
respectively), suggesting that the terminal amides exchange 
with the solvent as freely as unstructed model peptides. This 
is consistent with the high degree of backbone mobility at the 
extreme ends of the protein. However, the exchange rates  of 
both glutamic acid-2 and serine-50 show a greater than unit 
dependence of -log T on pHmeasured (Figure 6) with slopes of 
1.7 and 1.5, respectively. 

DISCUSSION 
Use of the Equilibrium Isotope Shift Method To Measure 

Hydrogen-Exchange Rates. The deuterium isotope shift ob- 
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served for peptide carbonyl carbons in equimolar H 2 0 / D 2 0  
was first applied to hydrogen-exchange measurements by 
Hawkes et al. (1978) for the peptide antibiotic viomycin, and 
the potential of the method for the measurement of rapid 
exchange rates was recognized by Kainosho and Tsuji (1982). 
It is similar, in principle, to the use of deuterium isotope shifts 
in equimolar H / D  mixtures in the assignment of I3C N M R  
spectra of sugars and other polyhydroxy compounds [see 
Reuben (1985) and references cited therein]. The isotope shift 
method is particularly well-suited to proteins such as M13 coat 
protein which have broad, unresolved amide proton spectra 
(Cross & Opella, 1980); the I3C label provides resolution and 
facilitates assignment, and the narrow line width of the non- 
protonated carbonyl carbon allows resolution of the small 
two-bond isotope shift. The carbonyl carbon appears to be 
sensitive only to the following amide in the sequence; H-bonded 
deuterons exert a negligible effect. A small three-bond isotope 
shift ( 1 2  Hz) on the carbonyl carbon, corresponding to deu- 
teriation of the amide of the same residue, was observed by 
Hawkes et al. (1978) for viomycin, but the line widths in our 
experiment preclude such an observation. In principle, the 
same experiment should be possible with labeled a-carbons 
providing the line widths are sufficiently narrow. The major 
disadvantage of the method is that it can only be applied over 
a relatively narrow pH range. 

Rapidly exchanging protons, which are most accessible to 
this and other equilibrium techniques [e.g., see Berger et al. 
(1959)], are the most difficult class to measure by the more 
usual “exchange-out’’ experiments which involve the time- 
dependent equilibration of a protonated protein with fully 
deuteriated solvent. The two types of measurement thus serve 
to complement each other. The exchange rates of side chain 
OH,  SH,  or N H 2  protons, which generally exchange more 
rapidly than backbone amide NH’s, may also be determined 
from two-bond carbon-deuterium isotope shifts. 

Analysis of Amide Exchange Rates. The mechanism of H 
exchange in proteins has been surrounded by much controversy 
centered about two opposing models (Woodward et al., 1982; 
Englander & Kallenbach, 1984). The solvent penetration 
scheme supposes that the catalyst (H’ or OH-) must diffuse 
through transiently forming channels in the protein toward 
the site of exchange. The local unfolding mechanism, by 
contrast, requires cooperative unfolding (i.e., H-bond breakage) 
of a small segment of polypeptide chain to precede the ex- 
change event; exchange takes place in the unfolded form. 
These two models have proved very difficult to distinguish on 
kinetic grounds. We have adopted the local unfolding model, 
with its explicit dependence on H-bond breakage. This model 
is easier to quantitate and has been used very successfully 
recently, notably to explain H-exchange rates in the pancreatic 
trypsin inhibitor (Roder et al., 1985). 

H exchange can be described by the following general 
equation for an individual hydrogen in a protein in equilibrium 
with H,O and D,O: 

ki k3 k2 

k i  ki 
N(H)  O(H) O(D) st N(D) 

where N and 0 refer to the native and open forms, respectively. 
The rate constants for folding (k2) and unfolding ( k , )  in the 
protonated and deuteriated forms are taken to be the same. 
k, is the second-order rate constant for exchange in an exposed 
peptide and is most often the rate-limiting step. The exchange 
rate k,, is (Hvidt & Nielsen, 1966) 

(4) 
kIk,[OH-l 

kex = kl + k2 + k,[OH-] 

If k2 >> k, (Le., the closed form is very much more stable than 
the open form), then this reduces to the more commonly used 
version (Englander & Kallenbach, 1984): 

k,k,[OH-I 
(5)  

In the EX2 limit ( k 2  >> k3[OH-]) (Hvidt & Nielsen, 1966): 

k2 + k,[OH-] kex = 

where Kop = kl/kz = [O]/[N] and koH is from eq 2. The pH 
dependence of the exchange rates (Figure 6) shows that the 
EX2 limit applies here, except for lysine-43 at high pH. The 
retardation of exchange is thus equivalent to l/Kop, the inverse 
of the opening equilibrium constant (Roder et al., 1985). 
However, this does not apply to the most rapidly exchanging 
protons where the folded form may not be more stable than 
the unfolded form may not be more stable than the unfolded 
form and eq 5 rather than eq 6 is appropriate. In fact, the 
concept of a single opening equilibrium constant may be un- 
tenable under these conditions as these regions of the protein 
may be rapidly exchanging between a number of relatively 
unstable forms. 

Model peptides such as poly(m-alanine) and poly(DL-lysine) 
(Englander & Poulsen, 1969; Kim & Baldwin, 1982) obey eq 
2 in the base-catalyzed regime. This is also true for many 
individual protons in proteins, but it is by no means universally 
the case (Richarz et al., 1979; Dempsey, 1986). It is probably 
unreasonable to expect proteins to conform precisely to model 
peptide standards as these do not account for the three-di- 
mensional structure or pH-dependent conformational changes. 
Slopes greater than 1 in a plot of -log 7 vs. pHmeasured were 
observed for three out of the six protons which were measured: 
glutamic acid-2 (1.7), aspartic acid-12 (2.0), and serine-50 
(1.5). This means that the retardation over PDLA is pH 
dependent and koH cannot be obtained exactly by extrapolation 
of the plots in Figure 6. Determination of the retardation rate 
from the coalescence point (Table I )  is thus a compromise, 
but the effects should not be large enough to seriously distort 
our overall picture of the protein. Deviation of the -log T vs. 
pHmeasured slopes from unity to a value greater than 1 can be 
explained by additional catalysis of exchange or by pH-de- 
pendent conformational changes. 

Charge effects, which are unlikely to be large at an ionic 
strength of 0.1 M (Kim & Baldwin, 1982), might shift the 
-log 7 vs. pHmeasured curve to the right or to the left (by in- 
creasing or reducing the local OH- ion concentration), by they 
would be unlikely to alter the slope. A small pH-dependent 
conformational change is a plausible explanation for aspartic 
acid-12, but it is less easily invoked for glutamic acid-2 and 
serine-50, which are in the most highly mobile (i.e., least 
structured) regions of the protein. General acid or base ca- 
talysis by specific groups on the protein has been proposed by 
Dempsey (1986) to explain the pH dependence of several 
amides in apamin. A possible catalyst for the N H  of glutamic 
acid-2 is its own carboxyl, which appears to ionize over the 
pH range of the experiment. The serine-50 N H  may be sim- 
ilarly affected by the spatial proximity of the side chain hy- 
droxyl. General acid/base catalysis is usually considered to 
be unimportant in proteins (Hvidt & Nielsen, 1966; Englander 
& Kallenbach, 1984) because added nucleophiles are inef- 
fective catalysts of H exchange in small peptides (Molday et 
al., 1972). Nevertheless, the “effective” concentration of a 
protein side chain may be very high and could potentially 
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catalyze amide exchange. Such effects, which may be rela- 
tively small, would be averaged out unless individual amide 
protons are observed. As more individual amide exchange 
rates are determined, it may be necessary to reevaluate the 
potential of internal catalysis. 

Amide Exchange Rates and Protein Structure. I3C N M R  
relaxation experiments on M13 coat protein in SDS and de- 
oxycholate micelles have demonstrated that only the extreme 
ends of the protein are undergoing spatial fluctuations on a 
time scale of less than s (Henry et al., 1986). Approx- 
imately eight residues are particularly mobile, probably four 
from each end of the molecule (Cross & Opella, 1980; Henry 
et al., 1987). Unlike N M R  relaxation measurements, H ex- 
change can potentially identify and characterize motions which 
may be of large amplitude but occur on a relatively slow time 
scale. The retardation of exchange of the 12 assigned amides 
in M13 coat protein is summarized pictorially in a logarithmic 
plot in Figure 7; a hydropathy plot (Kyte & Doolittle, 1981) 
is included to show the likely location of the membrane- 
spanning segment. It can be seen that the more rapidly ex- 
changing amides extend inwards beyond the first four residues 
at the N-terminus, including several residues which are rigid 
on a nanosecond time scale. 

Amide exchange rates are now known for individual protons 
in several small proteins of known structure. The most 
thoroughly investigated of these is the basic pancreatic trypsin 
inhibitor, in which almost all of the amide protons are resolved 
and assigned and their exchange rates studied intensively under 
a wide variety of conditions (Hilton & Woodward, 1978; 
Wagner, 1983; Tuchsen & Woodward, 1985; Roder et al., 
1985). Other proteins include the S-peptide of ribonuclease 
S (Kuwajima & Baldwin, 1983), apamin (Wemmer & Kal- 
lenbach, 1983; Dempsey, 1986), the lac repressor head piece 
(Boelens et al., 1985), and the terminal helix of cytochrome 
c (Wand et al., 1985). These proteins must serve as models 
for the interpretation of amide exchange data in M I 3  coat 
protein. Nevertheless, it should be remembered that these are 
generally small thermally stable proteins, three of which (the 
pancreatic trypsin inhibitor, ribonuclease, and apamin) contain 
disulfide bridges. They may not represent appropriate models 
for proteins in general, or for the small hydrophobic deter- 
gent-bound membrane protein. 

All the exchange rates measured for the N-terminal region 
(up to and including aspartic acid-12) are relatively fast. As 
anticipated, the unstructured region at the extreme end shows 
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very little retardation; however, the region between alanine-7 
and aspartic acid-12 is retarded only 20-fold. Such values are 
significantly less than those calculated for helical regions in 
any of the proteins mentioned previously [summarized by 
Englander and Kallenbach (1984)], where retardations of at 
least 100-fold appear to be the rule. The short terminal helix 
of cytochrome c is retarded up to 107-f01d (Wand et al., 1985). 
The relatively fast exchange rates in the coat protein suggest 
that this region of the protein backbone is in a state of dynamic 
flux, although on a time scale slower than that of the corre- 
lation time of the protein (lo-' s). It is probably folding and 
unfolding into one or more transiently stable configurations, 
although it is possible that some of these residues are non-H- 
bonded amides at  the terminal end of a more stable helical 
region. 

The more slowly exchanging amide protons detected in these 
experiments all arise from the C-terminal region. The mobile 
terminal residues (alanine-49 and serine-50) are retarded very 
little, but the exchange rate decreases progressively from 
250-fold retardation (threonine-46) to (3.2 X lo4)-fold re- 
tardation (leucine-41). This general pattern (see Figure 7) 
and a retardation of the order of lo4 are together compatible 
with a helical structure by comparison with data from helices 
in other proteins. A simple model containing two strands of 
&sheet would be expected to show an alternating pattern of 
retardation according to the alternate involvement in H 
bonding. A gradient in exchange rate is generally observed 
at  the ends of a-helices due to independent local fraying 
(Kuwajima & Baldwin, 1983; Wand et a]., 1985). It is pos- 
sible that a helical segment extends from the C-terminal region 
throughout the membrane-spanning segment which is thought 
to extend from residue 21 to 39. Circular dichroism studies 
of the coat protein in SDS or deoxycholate micelles and 
phospholipid bilayers suggest it contains 50% a-helix and about 
30% @-structure (Nozaki et al., 1978). 

On the basis of relaxation experiments (Henry et al., 1986a), 
carbonyl line widths (Henry et al., 1987), and H-exchange 
results, we have devised a working model of the coat protein 
in SDS micelles comprising a helical hydrophobic segment 
which extends through most of the short C-terminal basic 
region and terminates in no more than four mobile (faster than 

s) residues. The N-terminal region is of less well-defined 
structure, resulting in relatively rapid exchange rates although 
apart from the terminal four residues, this region is immobile 
on a s time scale. Our model differs from that of Leo 
et al. (1987) derived for coat protein in phospholipid bilayers 
by solid-state 15N N M R  by ascribing more motion to the 
N-terminal region and less to the C-terminal region; under 
our conditions, phenylalanine-45 is immobile and exchanges 
relatively slowly. These differences may result from the nature 
of the environment or may merely reflect the different time 
scales involved in the two types of experiment. 
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