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ABSTRACT: The coat protein of bacteriophage M13 is inserted into the inner membrane of Escherichia coli 
where it exists as an integral membrane protein during the reproductive cycle of the phage. The protein 
sequence consists of a highly hydrophobic 19-residue central segment flanked by an acidic 20-residue 
N-terminus and a basic 1 1 -residue C-terminus. We have measured backbone amide hydrogen exchange 
of the protein solubilized in perdeuteriated sodium dodecyl sulfate using 'H nuclear magnetic resonance 
(NMR) spectroscopy. Direct proton exchange-out measurements in D 2 0  a t  24 "C were used to follow the 
exchange of the slowest amides in the protein. Multiple exponential fitting of the exchange data showed 
that these amides (29 f 3 a t  pH 4.5) exchanged in two kinetic sets with exchange rates [(1.2 f 0.4) X 
lo-" s-l and (4.1 * 1.2) X lO-'s-'] that differed by more than lOO-fold, the slower kinetic set being retarded 
105-fold relative to poly(DL-alanine). The exchange rate constant for the slowest set of amides exhibited 
an unusual pD dependence, being proportional to [OD-] l/z. It is shown that this is an artifact of the multiple 
exponential fitting of the data, and a new method of presentation of exchange data as a function of pD is 
introduced. Steady-state saturation-transfer techniques were also used to measure exchange. These methods 
showed that 15-20 amides in the protein are very stable at  55 "C and that about 30 amides have exchange 
rates retarded by at  least 105-fold at 24 "C. Saturation-transfer studies also showed that the pH dependence 
of exchange in the hydrophilic termini was unusual. This is explained as being due to long-range electrostatic 
effects arising both from the protein itself and also from the anionic detergent molecules. Hydrogen exchange 
studies on the products of proteinase K digestion of the protein localized the slowly exchanging amides to 
the hydrophobic core of the protein. Relaxation [Henry, G. D., Weiner, J. H., & Sykes, B. D. (1986) 
Biochemistry 25, 590-5981 and solid-state N M R  experiments [Leo, G. C., Colnago, L. A,, Valentine, K. 
G., & Opella, S .  J. (1987) Biochemistry 26,854-8621 have previously shown that the majority of the protein 
backbone is rigid on the picosecond to microsecond time scale, except for the extreme ends of the molecule 
which are mobile. The hydrogen exchange results, which are sensitive to a much longer time scale (>lo4 
s), suggest a stable core with a progressive increase in amplitude or frequency of motions as the ends of 
the protein are approached. 

%e bacteriophage M13 (fd, f l )  is a circular single-stranded 
DNA molecule encapsulated in a regular array of 2700 copies 
of a major coat protein (gene 8 protein) (Marvin & Wachtel, 
1975). During the reproductive cycle of the phage, the coat 
protein is inserted into the inner membrane of Escherichia coli 
(Webster & Cashman, 1978). The amino acid sequence of 
the protein (Asbeck et al., 1969; Nakashima & Konigsberg, 
1974) includes a highly hydrophobic 19-residue segment sim- 
ilar to the membrane-spanning a-helices identified by X-ray 
diffraction in the proteins of the photosynthetic reaction center 
of Rhodopseudomonas uiridis (Deisenhofer et al., 1985) and 
similar to the putative membrane-spanning helices identified 
in the sequences of numerous intrinsic membrane proteins [for 
a review, see Engelman et al. (1986)l. The hydrophobic core 
of the molecule endows it with a strong tendency to self-as- 
sociate; in the absence of dispersive agents, the protein is highly 
aggregated in water (Cavalieri et al., 1978). Solubilization 
can be achieved in sodium dodecyl sulfate (SDS)' or DOC 
micelles and in phospholipid vesicles or bilayers. There is some 
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evidence that the protein is a tightly associated dimer in de- 
tergent micelles (Makino et al., 1975). Flanking the hydro- 
phobic core of the protein are a 20-residue acidic N-terminal 
segment and an 1 l-residue basic C-terminus (Asbeck et al., 
1969; Nakashima & Koningsberg, 1974). The positive charges 
at the C-terminus may be necessary for electrostatic binding 
to acidic lipid head groups during membrane insertion (Kuhn 
et al., 1986). 

The structural and dynamic properties of the coat protein 
have been previously examined in its various environments. 
In the intact phage, solid-state 15N NMR analysis indicates 
an extended, slewed a-helix from residues 5 to 50, with a bend 
in the helix at about residue 30 (Colnago et al., 1987; Va- 
lentine, 1986). Residues 1-4 are mobile on the 10-kHz time 
scale and are considered disordered. Laser Raman spec- 
troscopy (Thomas et al., 1983) and X-ray fiber diffraction 

Abbreviations: BPTI, basic pancreatic trypsin inhibitor; BUS1 HA, 
protease inhibitor IIA from bull seminal plasma; CD, circular dichroism; 
DMPC, dimyristoylphosphatidylcholine; DOC, deoxycholate: DSS, di- 
sodium 2,2-dimethyl-2-silapntane-5-sulfonate; HPLC, high-performance 
liquid chromatography; NMR, nuclear magnetic resonance; PC, phos- 
phatidylcholine; PDLL, poly(DL-lysine); ppm, parts per million; PDLA, 
poly(DL-alanine); SDS-&, perdeuteriated sodium dodecyl sulfate. 
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(Marvin et al., 1974) also suggest that the protein is pre- 
dominantly a-helical as the coat. In DMPC multilamellar 
bilayers, solid-state 2H NMR and lSN NMR (Leo et al., 1987) 
gave a similar structure except that six additional C-terminal 
residues are mobile. In detergent micelles (both SDS and 
DOC), the backbone of the protein was found to be rigid on 
a 100-MHz time scale by I3C NMR spectroscopy; only about 
four amino acids at each end are able to undergo large-am- 
plitude fluctuations (Henry et al., 1986). CD spectroscopy 
showed that the protein has a similar structure in DOC mi- 
celles and PC vesicles (Nozaki et al., 1976). The CD studies 
also suggested that as much as 30% of the protein could be 
in the &sheet configuration while in the dispersed state al- 
though this conclusion has been disputed by other authors 
using CD data (Williams & Dunker, 1977). 

The hydrogen exchange behavior of proteins depends upon 
structural fluctuations, the time scale of which ranges over 
many orders of magnitude. The precise nature of these 
fluctuations is under intense investigation [for reviews, see 
Englander and Kallenbach (1984), Barksdale and Rosenberg 
(1 982), and Woodward and Hilton (1 979)]. Because of its 
ability to resolve individual protons in proteins, high-resolution 
NMR spectroscopy is a powerful tool for providing a quan- 
tifiable measure of dynamics throughout the entire backbone 
of a protein. In particular, individual amide exchange mea- 
surements have provided insight into the stability, dynamic 
fluctuations, sensitivity to cofactor binding, or the kinetics of 
folding of the following proteins and peptides: BPTI (Roder 
et al., 1985a; Roder & Wuthrich, 1986), BUS1 IIA (Wuthrich 
et al., 1984), apamin (Dempsey, 1986), lac repressor head 
piece (Boelens et al., 1985), myoglobin (Vasant Kumar & 
Kallenbach, 1985), cytochrome c (Wand & Englander, 1986), 
T4 lysozyme (Griffey et al., 1985), and ribonuclease S (Ku- 
wajima & Baldwin, 1983). Henry et al. (1987b) have mea- 
sured some relatively rapidly exchanging individual backbone 
amides in M13 coat protein using a I3C NMR equilibrium 
isotope shift technique. This technique measures exchange 
rates by determining the pH at which the [13C]carbonyl 
resonances adjacent to deuteriated and protonated amides 
coalesce in a 5050 mixture of H20 /D20  (Feeney et al., 1974; 
Hawkes et al., 1978). A limitation is that the 13C resonances 
adjacent to very slowly exchanging amides coalesce at pHs 
greater than 12 so that it was not possible to measure the 
exchange rates of the slowest amides. In this paper, we have 
measured the slowest exchanging amides in the coat protein 
by exchange-out kinetic measurements in D20; some of the 
faster amides were also measured indirectly by a steady-state 
'H NMR saturation-transfer technique. The results provide 
a dynamic model of the protein in which the hydrophobic core 
is very stable whereas the structure of the hydrophilic portions 
is less stable by several orders of magnitude. 

EXPERIMENTAL PROCEDURES 

Materials 

DSS and perdeuteriated sodium dodecyl sulfate were pur- 
chased from MSD Isotopes (Pointe Claire, Dorval, PQ), and 
perdeuteriated acetic acid was from Stohler Isotope Chemicals 
(Rutherford, NJ). Bio-Gel P-300 and D 2 0  were purchased 
from Bio-Rad Laboratories (Richmond, CA), and Sephadex 
G-25 was from Pharmacia (Montreal, PQ). Proteinase K 
(protease type XI) was purchased from Sigma. A synthetic 
peptide, corresponding to the first 21 amino acids of the coat 
protein (Asbeck et al., 1969; Nakashima & Konigsberg, 1974), 
was provided by the Alberta Peptide Institute. Its purity was 

checked by amino acid analysis, 'H NMR spectroscopy, and 
HPLC. 

Methods 
Protein PuriJication. Bacteriophage M 13 was prepared as 

described by Henry et al. (1986) except that E.  coli were 
grown on rich medium (Miller, 1972). For each NMR sample, 
about 25 mg of purified phage was dissolved in 1 mL of 100 
mM SDS-d2, and 10 mM phosphate buffer, pH 7. M 13 coat 
protein was separated from phage DNA by passing the solu- 
bilized phage over a column of Bio-Gel P300 (8 X 2.5 cm) 
equilibrated with 10 mM SDS-& and 10 mM phosphate, pH 
7. Finally, the column eluate containing coat protein was 
pooled and freeze-dried. 

Direct Kinetic Measurements of Hydrogen Exchange. In 
early experiments, proton efflux from the peptide amides of 
coat protein was initiated by dissolving the freeze-dried protein 
sample (see above) in about 0.7 mL of water and passing this 
over a small (5 mL) Sephadex G-25 column equilibrated in 
DzO, 10 mM SDS& and the appropriate buffer. This me- 
thod was used in order to avoid possible artifacts caused by 
dissolution from the dry state (Englander et al., 1972). 
However, since we were mainly interested in the slowly ex- 
changing peptide amides and since we did not observe any 
large differences either in the appearance of the NMR spec- 
trum or in the kinetics of exchange, we subsequently resorted 
to measuring exchange by dissolving the freeze-dried protein 
directly in about 0.65 mL of a buffered D 2 0  solution. We 
have sometimes observed variability in the exchange kinetics 
which seemed to be due to protein concentration. Conse- 
quently, all hydrogen exchange results reported herein are for 
protein between 1.2 and 1.5 mM except for the experiment 
at pD 4.5 which contained 2.1 mM protein. Exchange solu- 
tions also contained 20-30 mM phosphate and 10-100 mM 
acetic-d, acid at lower pDs and 50 mM borate at higher pDs. 
It may be noted that catalysis of hydrogen exchange by buffer 
ions is negligible due to their low pKa's relative to the pKa for 
the peptide bond amide (Englander & Kallenbach, 1984). 
Similarly, the effect of ionic strength on the exchange rates 
of backbone peptides made up of uncharged amino acids is 
negligible; however, ionic strength may significantly affect 
exchange rates at peptides comprised of charged amino acids 
(Kim & Baldwin, 1982). We have measured the effect of SDS 
on the hydrogen exchange rates of structureless, hydrophobic 
tripeptides in order to separate the effects of detergent on 
exchange from the effects of protein structure (O'Neil & 
Sykes, 1988). 

'H NMR spectra at 400 MHz of freshly dissolved coat 
protein in 5-mm NMR tubes were recorded with the use of 
a Varian XL 400 NMR spectrometer. The pulse width was 
12 ps  (60°), and the acquisition time was 1 s. Usually 200-400 
scans (3.3-6.7 min) were required to achieve a reasonable 
signal to noise ratio in the amide region of the spectrum. 
During the first hour of exchange, 3-4 spectra were recorded; 
after this, the number of scans was increased to 1000-2000 
(16-33 min), and spectra were recorded periodically for up 
to several months. 

Measurements of pH in D20  (pD) are uncorrected for both 
the glass electrode reading error in D 2 0  and the D 2 0  isotope 
effect on the ionization states of molecules (Bundi & Wuthrich, 
1979). Chemical shifts were measured relative to the methyl 
resonance of DSS. Protein concentration was determined by 
absorbance using A2*,, = 8200 L.mol-'.cm-'. 

Steady-State Measurements of Hydrogen Exchange. Hy- 
drogen exchange rates can also be determined by measuring 
the transfer of saturation by exchange from the H 2 0  resonance 
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(Forsen & Hoffman, 1963, 1964; Gadian, 1982). For these 
measurements, spectra were acquired in 90% H20/10% D2O 
with preirradiation of the water for 1.3 s. When exchange is 
on the order of or faster than the spin-lattice relaxation rate 
of the amide proton, ( TfJH)-’, the fractional amide intensity 
(Mz/@) will be reduced to (1 + k e x c H ) - ’  due to saturation 
transfer. An average TfJH value of about 0.7 s was measured 
for the amides in 90% H20/10% D20, pD 6.9 and 30 OC, by 
standard inversion-recovery methods at 500 MHz on a Varian 
VXR-500 N M R  spectrometer. 

NMR spectra were also measured in 90% H20/ 10% D 2 0  
solutions without saturation of the H 2 0  rmnance using a jump 
and return pulse sequence (Plateau & Gueron, 1982). As this 
pulse sequence does not excite all of the protons in the spec- 
trum equally, this might introduce inaccuracies in the inte- 
gration of spectra. However, integration of spectra acquired 
with excitation optimized at different points in the spectrum 
showed that these inaccuracies are small; this is because the 
spectral window of interest (6.6-9.2 ppm) is relatively narrow. 

Proteolytic Digestion with Proteinase K .  Proteinase K 
digestion was carried out by using approximately 1:lOO en- 
zyme/protein (w/w) at pH 8.9, 37 O C .  Proteinase K digests 
the hydrophilic N- and C-termini of M13 coat protein in 
SDS-d25 micelles, leaving the hydrophobic core intact (Henry 
et al., 1986, 1987a). Separation of the peptide fragments from 
the hydrophobic core on a Sephadex G-25 gel filtration column 
followed by amino acid analysis confirmed this digestion 
pattern; however, the NMR spectrum of the freeze-dried 
protein core suggested that extensive aggregation had occurred. 
Consequently, hydrogen exchange of the hydrophobic core was 
measured on a mixture of the core and the digested fragments. 
This was done by digesting the protein with proteinase K in 
water, 10 mM SDS-d25, and 5 mM phosphate, pH 8.9, for 9 
h. Hydrogen exchange was started by passing the mixture over 
a Sephadex G-25 column equilibrated with D20,  10 mM 
SDS-d25, and 50 mM acetic-d, acid. The void volume peak 
was collected, and ‘H NMR spectra were recorded. 

Data Analysis. The ‘H NMR spectrum of fully exchanged 
coat protein includes 28 nonexchangeable aromatic resonances 
between 6.8 and 7.6 ppm arising from 1 Trp, 2 Tyr, and 3 Phe 
residues. Except at the pHmi,,, most of the amides which 
exchange with half-lives of 10 min or longer appear in the 
spectrum between 7.5 and 9.2 ppm. The number of amides 
was calculated by comparing the integrated intensity in the 
amide region to that for the aromatic region with the as- 
sumption that the spin-lattice relaxation times are the same 
for both types of protons. In fact, the Tl’s (measured at 500 
MHz) for both types of protons span a small range of values, 
but most of the amide Ti's are close to 0.7 s and most of the 
aromatic Tl’s were between 0.9 and 1.1 s. The difference in 
relaxation rate between the two groups would cause an ov- 
erestimation of the number of amides in a spectrum by not 
more than 10% for the spectral acquisition conditions used. 
The absence of exchangeable amides in the aromatic region 
was checked by comparing, at different times during exchange, 
the integrated area in the aromatic region to that of a region 
of the spectrum (3.2-1.85 ppm) where no exchangeable pro- 
tons are expected. Sometimes, for spectra collected early in 
the course of an exchange experiment at the pHmin, some 
exchangeable amides occurred in the aromatic region. 
Therefore, the number of protons between 3.2 and 1.85 ppm 
had to be calculated first by comparison with the number of 
hydrogens in the aromatic region at a point in the exchange 
experiment when the area in the aromatic region was un- 
changing. Then, using the known number of protons between 

3.2 and 1.85 ppm, we could calculate the number of hydrogens 
in the aromatic region when exchangeable hydrogens were 
present. 

RESULTS 
Backbone amide hydrogen exchange measurements are a 

quantifiable measure of protein structural fluctuations when 
protein exchange rates are retarded compared to those of 
unstructured model compounds under identical conditions. 
Fortunately, exchange rates of non-hydrogen-bonded amides 
can be accurately predicted taking into account the effects of 
pH, temperature, and local amino acid sequence including 
inductive and charge effects [for a review, see Englander and 
Kallenbach (1984)l. The most commonly used model com- 
pound is the random-coil poly(D>r-alanine) (Englander & 
Poulsen, 1969), but poly(DL-lysine) (Kim & Baldwin, 1982), 
small peptides (Molday et al., 1972), and thermally unfolded 
BPTI (Roder et al., 1985b) have all provided models of freely 
exchanging amides which are in close agreement with each 
other. In this paper, we derive a measure of the stability of 
secondary structural elements of M13 coat protein by com- 
paring our measured hydrogen exchange rates to those pre- 
dicted for PDLA using equations from Roder et al. (1985b) 
and Englander et al. (1979) (see the legend to Figure 3). 
Elsewhere, we have shown that dodecyl sulfate increases the 
pHmi, for exchange by 1.3-1.7 units for an unstructured 
peptide in an SDS micelle (O’Neil & Sykes, 1988). When 
base catalysis predominates, a 1 pH unit increase in the  pH^" 
translates into a 10-fold “retardation” of exchange due to the 
detergent. Therefore, in studies of the protein in SDS, a 
portion of the retardation of exchange rates relative to those 
calculated for PDLA will be due to the effect of the detergent. 

We have used three different NMR experiments to measure 
amide hydrogen exchange. Each experiment can detect amide 
protons exchanging slower than certain limiting exchange rates, 
the limits being quite different for each of the three experi- 
ments. Direct exchange-out experiments in D 2 0  have the 
lowest upper limit and are unable to measure amides with 
lifetimes less than about 5 min (kex > 2 X s-’) since this 
much time is needed to record the first point. This limit is 
shown as a dotted line in Figure 3. When this limit is com- 
pared to the PDLA exchange curves (Figure 3), it becomes 
clear that, except at the pH- the exchange-out technique can 
only detect amides whose exchange is retarded by the structure 
of the protein. The “jump-and-return” experiment, which does 
not require saturation of the water resonance, has the highest 
upper limit of the three experiments (see dot-dashed line in 
Figure 3). This limit depends upon the chemical shift dif- 
ference between the amide and water resonances (A), and the 
observed amides will be those in slow exchange with the water 
( k ,  <<  PA/^ r 1200 s-’) (Harris, 1983). When spectra are 
obtained with saturation of the H 2 0  resonance, the upper rate 
limit for amide detection lies between the limiting rates for 
the other two experiments (see dot-dashed line in Figure 3). 
Whenever k,, 1 l0(TyH)-’, the amide resonance will not be 
detectable, and rates cannot be measured. Amide exchange 
will be measurable in the presence of H 2 0  saturation for any 
k,, I (TYH)-’. However, for amides retarded by more than 
105-fold compared to those in PDLA, k,, will not equal ( TYH)-’ 
until the pH is greater than 1 1. Consequently, this experiment 
also has a lower limit below which it is not practical to measure 
exchange rates. 

’ H  N M R  Kinetic Measurements of Hydrogen Exchange. 
Figure 1A shows the aromatic and amide regions of a ‘H 
NMR spectrum acquired 7 min after dissolution of the coat 
protein in D20 at pD 4.8, 24 OC. Most of the exchangeable 
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FIGURE 1 : Low-field region of 400-MHz 'H NMR spectra of M13 
coat protein in SDS-dz5 micelles showing the time course of amide 
proton exchange at (A) 7 min, (B) 1.2 h, (C) 21 h, (D) 341 h, and 
(E) 671 h after dissolution in DzO at pD 4.76 and 24 O C .  The number 
of scans was 200,400, 1000,2000, and 2000 for spectra A, B, C, D, 
and E, respectively. Protein concentrations was 1.5 mM in SDS-dz5, 
10 mM acetic-d, acid, and 30 mM phosphate. A line broadening of 
0.5 Hz was used in processing the spectra. 

amide protons appear as two partially resolved groups at 
7.5-8.5 ppm and at 8.5-9.2 ppm; a small number of amides 
apparently overlap the aromatic protons between 6.7 and 7.6 
ppm. The region of the spectrum from 7.5 to 8.5 ppm contains 
about 75% of the total amides observed (spectrum A). During 
the first 20 h of exchange at pD 4.8 (spectra A X ) ,  the shape 
of the amide envlope changes because the high-field peak 
(7.5-8.5 ppm) contains a larger portion of rapidly exchanging 
amides than does the low-field peak (8.5-9.2 ppm). Conse- 
quently, by 20 h of exchange (C), the high-field peak contains 
only about 60% of the total amides. Later in the exchange 
experiment (spectra C-E), the shape of the amide envelope 
remains constant as the intensity of the amides gradually 
diminishes. 

At higher pDs, fewer amides are observed initially (Figure 
2A), and the shape of the amide envelope resembles that seen 
later in the exchange at  low pDs (Figure 1D). This suggests 
that the amides which exchange rapidly at low pD are too fast 
to measure at  higher pDs and the same amides, which are 
observed to exchange very slowly at low pDs, exchange much 
faster at higher pDs. Figure 2D shows an exchange difference 
spectrum in which a spectrum acquired after 133 min of ex- 
change was subtracted from a spectrum acquired initially (8 
min). The difference spectrum obtained shows that even early 
in an exchange experiment at high pD no exchangeable amides 
are observed in the aromatic region of the spectrum. 

The exchange experiments were quantified by integration 
of the entire amide regions of spectra at  increasing times of 
exchange and then fitting the results to CIAi exp(-k,,t) (i = 
1-3) with a nonlinear least-squares fitting routine. The time 
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FIGURE 2: Low-field region of 400-MHz 'H NMR spectra of M13 
coat protein in SDS-& micelles showing the time course of amide 
proton exchange at (A) 8 min (B) 29 min, and (C) 25 h after dis- 
solution in D20 at pD 8.9 and 24 OC. The number of scans was 200, 
200, and 1000, respectively. Protein concentration was 1.2 mM in 
SDS-d,, and 50 mM borate. The spectra were processed with a line 
broadening of 0.5 Hz. Spectrum D is a spectrum produced by sub- 
tracting a spectrum acquired at 2.3 h (not shown) from spectrum A. 

for each point was chosen as the midpoint of the acquisition 
period. Each set of exchange data was fit with 1-, 2-, and 
3-exponential decays and the best fit chosen by using the 
standard deviations of the fits. The results of amide exchange 
measurements over the range of pDs from 3.7 to 9.2, at  24 
OC, are summarized in Table I and Figure 3. At low pDs, 
about 35 of the protein's 50 amide protons exchange slowly 
enough to be measured. Table I and Figure 3 show that most 
of the measurable amides segregate into two sets with exchange 
rates that differ by at least 10-fold. As the pD of the exchange 
reaction is elevated, the total number of amides with meas- 
urable exchange rates decreases. At pD 9.2, only one set of 
exchanging amides can be observed. Figure 3 also contrasts 
the pD dependence of exchange in poly(DL-alanine) (Englander 
et al., 1979; Roder et al., 1985b) with that of the coat protein. 
Besides the marked retardation of exchange in the protein 
compared to the unstructured polypeptide, the dependence 
upon deuterium oxide concentration is different: the slowest 
kinetic set in the protein shows an apparent [OD-] lI2 depen- 
dence whereas the polypeptide shows [OD-] dependence. 

Exchange experiments were also done at  higher tempera- 
tures. Figure 4A shows a spectrum of the protein obtained 
5 min after dissolution in D 2 0  at  pD 3.7 and 24 OC. Figure 
4B,C shows spectra of the same sample at different times after 
the temperature had been elevated to 55  "C. Insofar as the 
amides in these spectra resolve into two groups from 7.5 to 
8.5 ppm and from 8.5 to 9.2 ppm, they resemble the spectra 
acquired at room temperature at high pD (Figure 2) and those 
acquired late in exchange at low pD (Figure 1). However, 
because of the narrower line widths achieved at  higher tem- 
peratures, the two groups are completely separated, and in- 
dividual resonan- begin to resolve within the groups. Kinetic 
analysis of this experiment was difficult since the protein was 
observed to precipitate after several days at high temperature. 
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Table I: Multiule Exoonential Least-Sauares Fits of Proton Exchange Data as a Function of pH" 
~ 

PD ke,, (s-9 nl ke,, (s-7 n2 Eini 
3.55 (3.3 f 1.1) x 10-4 1 5 f 2  (3.7 f 0.8) X 10" 21 f 1 36 f 3 
4.41 (4.7 f 2.1) x lo4 14 f 3 (1.0 f 0.3) X 10" 1 6 f  1 30 f 4 
4.5 1 (1.2 f 0.4) X lo4 16 f 2 (4.1 f 1.2) x 10-7 1 3 f 1  29 f 3 
4.76 (2.0 f 1.4) X lo4 1 3 f 4  (5.1 f 2.0) X 10" 20 f 3 33  f 1 
6.42 (1.1 f 0.2) x 10-4 13 f 1 (3.1 f 0.8) X 10" 7 f 1  20 f 2 

7.50 (3.4 f 1.0) x lo4 6 f l  (2.4 f 0.4) X 10" 6 f 1  12 f 2 
6.74 (3.7 f 1.9) X lo4 10 f 2 (9.8 f 4.2) X 10" 8 f 2  18 f 4 

7.84 (2.8 f 0.7) X lo4 9 f l  (6.5 f 1.7) X 10" 7 f 0.5 16 f 1.5 
8.85 (1.2 * 0.7) x 10-3 5 f 2  (6.4 f 2.1) x 10-5 3 f l  8 f 3  
9.22 (1.7 f 0.6) X lo4 4 f 1  4 f 1  
2.83b (1.3 f 0.5) X lo-> 18 f 2 18 f 2 
3.7OC (3.2 f 2.6) X lo4 6 f 2  (8.1 f 2.4) X 10" 16 f 2 22 f 4 

ak,w (i = 1 ,  2) values are the first-order rate constants; ni values are the number of amides exchanging at a particular rate. The errors were 
determined from the standard deviations of the fits. bHydrogen exchange was measured on a proteinase K digest of the protein in SDS-CI~~. CData 
obtained at 55 O C :  all other data were obtained at 24 "C. 

p" 
I 
I 

1 2  3 4 5 6 7 8 9 1 0 1 1 1 2  

PD 
FIGURE 3: Plot of log k,,, vs pD from the data in Table I with the 
open squares representing the rapidly exchanging set (k, ) and the 
closed squares the slowly exchanging set (kex2). The error bars were 
calculated from the standard deviations of the fits in Table I [see 
Snedecor and Cochran (1979)l. The solid lines through the two sets 
of data are PDLA exchange curves adjusted for the shift in the pHh 
of the data as well as for retardation of exchange. The deviations 
of the data from the PDLA curves are an artifact arising from the 
fitting of the data to multiple exponentials as explained in the text 
and demonstrated in Figure 7. For comparison, theoretical curves 
(- - -) for the exchange of poly(m-alanine) are shown at 25 and 55 
"C. The equations for these curves are k 25 = 6.419 X 108)10pD14.873 + (0.588)10-pD and ke25 = (9.673 X 18!)10pL13.g68 + (5.966)10-PD 
for exchange at 25 and 55 "C, respectively. These equations are 
calculated from Rcder et al. (1985b), and the temperature dependence 
of the D20 dissociation constant, kD20, was calculated according to 
Covington et al. (1966). The horizontal lines indicate the upper limits 
of amide exchange detectability for the three experiments used to 
measure exchange: (e..) exchange-out technique; (-. -) saturation- 
transfer technique; (- - -) jump and return experiment (exchange 
broadening). 

However, analysis of the first 18 h of exchange (see Table I) 
and examination of spectrum C of Figure 4 strongly suggest 
that the protein contains a set of 10-15 very stable amides 
which exchange about 10000 times slower than in an un- 
structured polypeptide at  this temperature. 

Steady-State Measurement of Hydrogen Exchange. A set 
of about 15 stable amides was also observed in H20 solutions 
when the relatively rapidly exchanging amides were eliminated 
from the spectrum by using steady-state techniques in contrast 
to the previous kinetic isolations in D20. Figure 5A shows 
a spectrum of the protein obtained in 90% H20/ 10% D20 a t  
55 "C, pH 7.5, using a "jump-and-return" pulse sequence. 

l ' " ' I " ' ~ I " ' ' I " ' ' 1 " ' ' I " ' ' I " '  
9 , s  9.0 8 . 5  8 0 7 5 7 0 6 5 PPM 

FIGURE 4: Low-field region of 400-MHz 'H NMR spectra of M13 
coat protein in S D S - C ~ ~ ~  micelles showing the time and temperature 
dependence of amide proton exchange. (A) 6 min after dissolution 
in D20 at 24 "C; (B) 14 min after dissolution and just after the solution 
had equilibrated to 55 "C; and (C) 17.1 h after dissolution at 55 O C .  
The number of scans was 200, 200, and 2000, respectively. Protein 
concentration was 1.4 mM in SDS-CI~~, 117 mM acetic-d, acid, and 
64 mM phosphate, pD 3.7. The line broadening was 0.5 Hz. 

This sequence does not require saturation of the water which 
would be transferred to any amides which are in fast exchange 
(relative to 1 /  flH) with the water. The distribution of amides 
(and the appearance of the spectrum) is similar to that ob- 
served in early exchange experiments acquired at  low pDs (see 
Figure 1A). A difficulty in the integration of this spectrum 
is the overlap between the "aromatic region" (6.8-7.6 ppm) 
and the "amide region" (7.6-9.2 ppm) of the spectrum. This 
difficulty was overcome by assuming first that all Tyr, Ser, 
Thr, Lys, Asp, and Glu side chain exchangeable protons as 
well as the exchangeable protons at  the termini of the molecule 
are exchange broadened under the conditions of the experiment 
(Wuthrich & Wagner, 1979). The exchangeable indole proton 
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FIGURE 5 :  Aromatic and amide regions of the 400-MHz 'H NMR 
spectrum of the coat protein in SDS-d25 micelles in 90% H20/10% 
D20.  Spectrum A was acquired without solvent irradiation using a 
jump and return pulse sequence. Protein concentration was 2.7 mM 
in SDS-&, with 141 mM phosphate, pH 7.5 at 5 5  OC. Spectrum 
B was acquired by using presaturation of the solvent resonance. All 
other conditions were as in (A). The narrow resonance observed in 
the spectra at about 8.53 ppm is due to formate in the sample. The 
spectra were processed with a 1-Hz line broadening and were base- 
line-corrected by using a first-order polynomial fitting procedure. 

of Trp-26 has been identified at  9.75 ppm (Cross & Opella, 
1981), and one of the two Gln protons is probably at 6.68 ppm 
based on random-coil chemical shift measurements in peptides 
(Bundi & Wiithrich, 1979). If next we assume that the 
aromatic region consists of the 28 nonexchangeable aromatic 
protons plus one proton from the Gln side chain, we can es- 
timate that the minimum number of peptide amides is 36 from 
7.5 to 8.6 ppm and 5 from 8.6 to 9.1 ppm. Under these 
conditions, up to nine protons might be exchanging too rapidly 
to be observed. Indeed, any protons which are not hydrogen 
bonded under the conditions of this experiment are probably 
eliminated by exchange broadening (see Figure 3), and all of 
the amides which are observed must be retarded at  least 10- 
fold compared to PDLA. 

By use of the same sample as in Figure SA, the more rapidly 
exchanging protons were eliminated by preirradiation of the 
water resonance, and spectrum B was obtained. Compared 
to spectrum A, about 29 amides have disappeared from the 
spectrum because their exchange rates are 1 7  s-I. Present in 
the spectrum is a set of about 13 more stable amides whose 
exchange rates are 51.4 s-l. In fact, because of the improved 
resolution at 55 O C ,  up to 20 amide protons, perhaps at varying 
degrees of exchange, can be counted in spectrum B. Inter- 
estingly, the low-field peak loses the equivalent of 1 amide in 
intensity, the other 28 being lost from the high-field peak. This 
preponderance of slowly exchanging amides in the downfield 

peak (also observed in the exchange-out experiments) is a 
reflection of the fact that hydrogen bonding of amide protons 
causes downfield shifts in their resonances (Wagner et al., 
1983) and suggests that hydrogen bonding is an important 
factor in the retardation of exchange in the coat protein. This 
experiment shows that at  pH 7.5, 55 OC, the protein consists 
of a core of stable amides whose hydrogen exchange rates are 
retarded by at least 500-fold whereas the rest of the structure 
is less stable, the exchange rates being retarded by less than 
500-fold. The approximately 29 amides which are lost to 
presaturation but which are present in the "jump-and-return" 
experiment must be retarded by 10-500-fold compared to the 
amides in PDLA. This suggests that the core of the protein 
is very stable whereas the hydrophilic termini are more loosely 
structured. 

The spectrum shown in Figure 6A was acquired under 
conditions similar to those for Figure 5B except that the 
temperature was 24 OC and the pH was 7.1. Lowering the 
temperature moved a number of amides from fast to slow 
exchange compared to (TYH)-l. In addition to the large 
number of broader amide resonances present in Figure 6A, 
one very narrow doublet resonance is present at 8.05 ppm. 
This resonance disappears at lower pHs, suggesting that it has 
an unusually high pHmi,. The narrow line width of this peak 
and the high pHmi, point to this resonance belonging to an 
amide in the unstructured N-terminus of the protein (see 
Discussion). Spectrum A also appears to contain several other 
narrow resonances protruding from the broad amide envelope 
at 24 OC. Other narrow resonances appear in the spectrum 
when the pH is lowered (see inset at 8.7 ppm) so that alto- 
gether two very narrow and about five narrow resonances have 
been observed. These narrow resonances probably arise from 
the four amino acids at each end of the molecule which are 
known to be disordered. 

The number of amides exchanging faster than ( TYH)-l can 
be altered by changing the pH and thereby changing kex. In 
Figure 6R, the dashed curves show the calculated pH depen- 
dence of amide resonance intensity in a saturation-transfer 
experiment for a 50-residue PDLA at 25 and 55 OC. The 
midpoints of the transitions catalyzed by OH- and H+ at 25 
O C  are pH 6.2 and pH -0.2, respectively; between these two 
transitions is a plateau of 2.5 pH units where amide exchange 
is too slow to be affected by saturation of the water resonance. 
The pH dependence of amide intensity in the protein at 24 
OC is strikingly different from that of the random-coil poly- 
peptide (Figure 6). The range of pHs over which full amide 
intensity is observed is very narrow in the protein and is shifted 
to higher pH. Also, the alkaline limb of the protein titration 
curve appears to consist of multiple transitions. For example, 
the plateau in the data between pH 8 and pH 10.5 suggests 
that the protein contains at  least 2 sets of amides whose ex- 
change rates differ by more than 1000-fold; about 22 amides 
have been saturated at pH 8 whereas the remaining 28 amides 
do not begin to be saturated until pH 10.5 is reached. The 
end of the plateau at pH 10.5 is about 5 pH units higher than 
that calculated for PDLA, and this suggests that about 30 
amides in the protein are retarded by 105-fold compared to 
the amides in PDLA at pH 10.5. 

Hydrogen Exchange of the Proteolyzed Protein. The amide 
regions of 'H NMR spectra of the proteinase K digested 
protein in D,O appeared very similar to the spectra of the 
intact protein shown in Figure 1C-E. Proton exchange-out 
data obtained from the proteinase K digested protein at  pD 
2.83 fit to a single-exponential decay with k,, = (1.3 f 0.5) 
X s-l for 18 f 2 amides (see Table I). Exchange mea- 
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DISCUSSION 

To obtain information about the structure and dynamics of 
M13 coat protein, we have measured backbone amide hy- 
drogen exchange using 'H NMR spectroscopy at 24 and 55 
O C .  At 55 O C ,  individual amide resonances could be observed 
in the NMR spectra. However, protein aggregation at high 
temperatures restricted the measurement of exchange to 
shorter periods of time than was possible at lower temperatures. 
This problem was overcome by using steady-state experiments 
to measure hydrogen exchange at 55 OC. At room tempera- 
ture, individual amide resonances were not observed in either 
one- or two-dimensional 'H NMR spectra at 400 MHz. We 
therefore analyzed the hydrogen exchange data obtained at 
room temperature by integrating the entire amide regions of 
'H NMR spectra over the time course of an exchange ex- 
periment and then fitting the results to multiple exponential 
decays. 

The fitting of hydrogen exchange data from large macro- 
molecules to a linear combination of exponential decays has 
been discussed by Laiken and Printz (1970). They simulated 
hydrogen exchange decay curves by using a random distri- 
bution of rate constants and then showed that the curves could 
be well fit with only two or three distinct kinetic classes. Most 
of the published exchange profiles for large proteins can also 
be fit with two- or three-exponential decays, but, unfortunately, 
the kinetic classes thus obtained have no clear physical 
meaning. Multiple exponential analysis of hydrogen exchange 
data from small molecules is much more likely to be physically 
meaningful. However, even for small molecules, a kinetic class 
analysis will be justified only if independent evidence can be 
obtained that the molecule has a small number of discrete 
kinetic classes. 

In the M13 coat protein, several lines of evidence suggest 
that there are two distinct kinetic classes of exchanging amides. 
The spectra in Figure 5 show that the saturation-transfer and 
exchange broadening limits can be used to arbitrarily separate 
the amides in the coat protein into classes with different ex- 
change rate limits. Integration of spectrum A shows that up 
to 9 backbone amides are exchange broadened at 55 OC; about 
41 amides must be retarded by more than 10-fold over PDLA. 
Integration of spectrum B suggests that about 37 amides are 
exchanging faster than the TPH limit (less than 500-fold re- 
tardation over PDLA) and up to 20 amides are exchanging 
slower than this limit. That there is not a continuous distri- 
bution of amides with exchange rates scattered about the TYH 
limit is suggested by the kinetic analysis of exchange at 55 
OC which shows that about 16 f 2 amides are retarded by 
nearly 10000-fold over PDLA. Therefore, at 55 OC, a large 
portion of the protein is very unstable, exchange rates being 
retarded by less than 500-fold compared to PDLA. A smaller 
portion of the protein is very stable; at 55 OC, about 20 amides 
are retarded by 104-fold over PDLA. 

Visual inspection of the spectra in Figure 1 also suggests 
that two distinct kinetic classes of amides exist in the protein. 
Early in the exchange experiment the changing shape of the 
amide region suggests that a rapid set of amides is being 
flushed out, leaving behind a distinct slow set. However, 
among the 20 or so slow amides, no individual resonances are 
ever resolved in the spectra. This suggests that the individual 
amide resonances are quite broad at 24 OC and that their 
protons exchange over a narrow range of rates. Otherwise, 
if 10 or fewer amides exchanged more than 100-fold more 
slowly than the rest of the group, individual amides would be 
resolved in the spectra. The effective molecular weight of the 
protein ( e 2 8  000; Makino et al., 1975) and the rotational 
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FIGURE 6 :  (A) Aromatic and amide regions of the 400-MHz 'H NMR 
spectrum of the M13 coat protein in SDS-dz5 micelles acquired in 
90% HzO/lO% DzO with presaturation of the water resonance. Protein 
was in 157 mM phosphate a t  24 O C  at  pH 7.12. The inset shows the 
portion of a spectrum a t  p H  3.2. The asterisk indicates a sharp 
resonance from the formate ion. (B) Plot of the p H  dependence of 
amide proton resonance intensity for M13 coat protein. Spectra were 
acquired in 90% HzO/lO% DzO at  24 O C  with presaturation of the 
solvent. Protein concentration was 2.1 mM in SDS-dz5 with 121 mM 
phosphate. The dashed lines show the predicted loss in amide intensity 
for hypothetical 50-residue random-coil poly(DL-alanines) at 25 (-. -) 
and 5 5  O C  (- - -) calculated as described under Methods, taking the 
k and kenS5 values as a function of pH from Figure 3 and assuming 
7 p = l s .  

sured on a synthetic peptide corresponding to residues 1-21 
by direct exchange-out methods and by saturation-transfer 
measurements was approximately at the PDLA limit. This 
confirms that the measured exchange' on digested protein 
originated from the intact core of the molecule and not from 
the released peptides. 
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correlation time (1 1 ns; Henry et al., 1986) are large owing 
to the association of SDS, and this explains the broadened line 
widths in the spectra. 

The amino acid sequence of the coat protein suggests that 
large differences in stability could exist in different segments 
of the protein. The forces which stabilize the structure in the 
hydrophilic termini of the molecule are probably predomi- 
nantly H bonds with perhaps some electrostatic contributions, 
whereas in the hydrophobic central segment the H bonds are 
likely to be reinforced by numerous hydrophobic contacts. On 
this basis, it seems likely that the structure in the hydrophobic 
segment is more stable than that in the termini and that the 
two kinetic classes of amides arise from the hydrophobic and 
hydrophilic segments. Generally, hydrophobic interactions are 
strengthened by temperature increases whereas hydrogen 
bonds are weakened at  higher temperatures (Kauzmann, 
1959). It is therefore possible that the difference in the sta- 
bility of these two segments of the protein is greater at 55 OC 
than at 24 OC and further evidence is necessary before a kinetic 
class analysis of the exchange experiments at 24 “C can be 
accepted. 

The pH dependence of saturation transfer at 24 “C (Figure 
6B) also suggests that the hydrophobic domain is considerably 
more stable than the rest of the protein. The plateau in the 
data in Figure 6B between pH 8 and pH 10.5 shows that about 
28 amides are 1000 times more stable than the amides in the 
rest of the protein. In this experiment, the stable domain 
appears to have increased in length by about 10 residues 
compared to its length measured by saturation transfer at 55 
OC and measured at 24 *C by the exchange-out method. This 
might be because the multiple exponential fit underestimates 
the true length of this segment (for reasons discussed below), 
and perhaps the stable domain is indeed shorter at  higher 
temperatures. 

The exchange experim. :ts on proteinase K digests of the 
protein show that the most stable amides are not distributed 
throughout the sequence of the protein but rather reside in 
the hydrophobic core. This experiment also demonstrates that 
exchange from the core of the protein is entirely independent 
of the exchange in the C-terminal segment since its removal 
appeared to have no effect on exchange from the core. Finally, 
Henry et al. (1987b) have measured some individual amide 
exchange rates in the coat protein and have shown that among 
the first 20 amino acids and the last 5 residues, no exchange 
rate is retarded by more than 500-fold compared to PDLA. 
On the other hand, for a segment of 15 residues in the core 
of the molecule, exchange is not less than 10000-fold retarded. 
Taken together, all of these results suggest that there are two 
kinetic classes of amides in the protein. 

The multiple exponential fits of the exchange-out data 
presented in Figure 3 are of double exponentials at  each pD 
except the highest one. At low pDs (3.55-4.76), the rate 
constants of the two kinetic classes differ by 50-500-fold 
(Table I). The slow class represents the hydrophobic core of 
the molecule while the fast class contains the slowest members 
of the hydrophilic termini of the protein and are probably 
immediately adjacent to the hydrophobic core. About 15-20 
amides exchange too rapidly to be observed using the ex- 
change-out technique even at the exchange pDfi,,. Among the 
unobserved amides are about four amino acids on both termini 
of the molecule which, according to much of the structural 
and dynamic data on the protein (see the introduction), are 
disordered in solution and are therefore exchanging at  the 
PDLA limit. This interpretation of the exchange data suggests 
that the most stable part of the molecule is the central hy- 
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FIGURE 7: Time course for hydrogen exchange of M 13 coat protein 
in SDS-dZ5 micelles as a function of pD. (A) Amide proton intensity 
versus time; (B) amide proton intensity versus the product of the 
deuterium oxide concentration and time. The experiments were done 
at pD 6.42 (O) ,  6.74 (X), 7.5 (+), 8.9 (W), and 9.2 (0) (see Table 
I). The line through the data in panel B is a two-exponential 
least-squares fit with nl = 12 f 1,  n2 = 6.1 f 0.7, k,, = (2.8 * 0.2) 
X lo4 M-’ s-I , a nd k,, = (1.4 f 0.5) X 10’ M-Is-’, 

drophobic core and that the flexibility of the protein increases 
progressively as the ends are approached. 

Although the standard deviations of the fits are small at low 
pD (Table I, Figure 3), the deviations are largest late in the 
exchange experiment. Triple-exponential fits of the data at 
low pD fit the data over the entire exchange-out period, but 
the standard deviations of the fits are much larger than for 
the double-exponential fits partly because fewer points were 
recorded late in the experiments. The effect of the third 
exponential is to “split” the slowest set into two sets as well 
as to reduce the size of the fastest set. All of these observations 
are diagnostic of variability in exchange rates in the two main 
kinetic classes deduced above. This is especially noticeable 
at higher pDs where only the 20 slowest amides can be mea- 
sured. We find that this slow set fits much better to two 
exponentials than to one. However, the difference in exchange 
rates between these two sets is only 14-40-fold, suggesting that 
the slowest kinetic set encompases amides exchanging over a 
50-fold range of rates. 

Table I shows that the total number of amides in each 
kinetic class decreases as the pD is elevated from 6.42 to 9.22. 
If two kinetic classes exist over this pD range, then we would 
have to postulate a pD-dependent conformational change to 
explain the changing class sizes. In addition, a similar argu- 
ment would be necessary to explain the unusual pD dependence 
of the classes which show dependence rather than 
the usual [OD-] dependence. It can be shown that both of 
these effects are an artifact of the multiple exponential fitting 
of the data. Figure 7A shows part of the time courses for 
exchange corresponding to five of the experiments in Table 
I at high pD. If the data follow the normal pD dependence 
of PDLA, then the effect of a unitary pD increase is to shift 
the measurement of a given value of NH(t) to one-tenth the 
time at which it occurred at the lower pD. Thus, two exchange 
curves measured at pDs that differ by 1 unit can be made to 
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central hydrophobic domain is several orders of magnitude 
more stable than the hydrophilic domains and in which the 
flexibility of the protein increases progressively as the ends 
of the protein are approached. This model is in good agree- 
ment with the hydrogen exchange results of Henry et al. 
(1987b). The solid-state ZH and lSN NMR studies of the 
protein in DMPC bilayers (Leo et al., 1987) and the solution 

NMR studies of the protein in detergent micelles (Henry 
et al., 1986) all suggest that the protein backbone is uniformly 
rigid except at the very ends of the molecule. The difference 
probably arises from the time scales over which hydrogen 
exchange, relaxation, and solid-state NMR are sensitive to 
motion in the backbone. Since large-amplitude fluctuations 
on the picosecond to microsecond time scale are eliminated 
by the relaxation and solid-state NMR techniques, hydrogen 
exchange must occur either by large-amplitude low-frequency 
motions (<lo4 Hz) or by very small-amplitude higher fre- 
quency motions. The latter motions are precisely those which 
are proposed to account for exchange in the penetration models 
of hydrogen exchange (Woodward & Hilton, 1979; Karplus 
& McCammon, 1981; Matthew & Richards, 1983). However, 
the results of Henry et al. (1987b) suggest that exchange in 
the C-terminus of the protein is enabled by fraying at the end 
of a helix, which does not seem likely to occur by small-am- 
plitude high-frequency motions. This leaves the large-am- 
plitude low-frequency motions to account for hydrogen ex- 
change in the coat protein, and these would seem to be better 
described by the local unfolding models for hydrogen exchange 
(Englander & Kallenbach, 1987; Roder et al., 1985a). 
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superimpose by multiplying the times for the data collected 
at the higher pD by a factor of 10. Generally, sets of exchange 
curves at different pDs can be tested for true [OD-]" depen- 
dence by plotting NH(t) vs [OD-]"t where t is time. In Figure 
7B, we have plotted NH(t) vs [OD-]t for the data in Figure 
7A; within the experimental scatter of the data, these curves 
superimpose. The data do not fall on the sanfg curve if NH(t) 
vs [OD-]l/Zt is plotted, and this shows that the apparent pD 
dependence of the data in Figure 3 is an artifact of the fitting 
procedure. This arises from the fact that more amides ex- 
change faster than the detection limit as the pD is raised; 
naturally, the fit of the distribution of remaining amides shows 
fewer amides with a weighted average rate slower than before. 
However, despite these problems with the multiple exponential 
fits, the direct exchange-out data clearly show that the pDdn 
for exchange in the protein is significantly higher than that 
for PDLA. 

Of course, it is possible that the tendency of the stable 
amides in the protein to separate into two kinetic classes might 
reflect the true nature of exchange in the putative a-helical 
membrane-spanning portion of the protein. Two classes of 
amides have been observed in single a-helices in the lac re- 
pressor head piece (Boelens et al., 1985) and in BPTI (Wagner 
et al., 1984): Residues on the hydrophobic faces of helices 
were observed to exchange slower than residues on the hy- 
drophilic faces. In the coat protein, the two classes of slowly 
exchanging amides might represent amides at the protein 
interface of a dimer and those exposed to the SDS molecules. 

The pH dependence of exchange in M13 coat protein is 
unusual for several reasons. The protein sequesters all of the 
acidic amino acids in the N-terminus (1-20) and most of the 
basic residues in the C-terminus (40-50), leaving the highly 
hydrophobic core (21-39) of the molecule entirely uncharged. 
The effects of long-range electrostatic interactions on k, in 
PDLL were studied by Kim and Baldwin (1982). They 
showed that the pHmi, for k,, in PDLL is 2 pH units lower 
than the pHdn for uncharged PDLA in the absence of salt. 
Apparently, this is because the pH near the surface of the 
PDLL molecule is higher than the measured pH of the bulk 
solution due to the condensation of hydroxyl ions by the 
positively charged PDLL molecule. Considering the sequence 
of the coat protein, we can expect the pHmi, for exchange of 
the amino acids in the core to be similar to that for PDLA 
(pHdn 3) whereas the pHmi, in the acidic and basic domains 
should be perturbed to higher and lower pHs, respectively. To 
these effects must be added the effect of SDS. In studies on 
structureless hydrophobic peptides in SDS (O'Neil & Sykes, 
1988), we observed a peptide amide hydrogen exchange pH- 
of about 4.5 in 100 mM salt solutions. In agreement with this 
result, we observe a pHmi, for the hydrophobic core (slowest 
set of amides) in Figure 3 at about pH 4.5-5.0. SDS would 
be expected to alter exchange in the basic C-terminus by 
pushing the pHmi, back up toward pH 3 whereas the pHmi, 
for the acidic N-terminus should be at or above pH 4.5. These 
predictions are also confirmed in the steady-state measurement 
of exchange shown in Figure 6. The very small region of full 
amide intensity compared to the PDLA curve can be explained 
if there are two domains of rapidly exchanging amides in the 
protein; an acidic domain with an unusually high pHfin would 
account for the loss in amide intensity between pH 5 and 3, 
and a small basic domain with a relatively unperturbed pHmi, 
would account for the loss in intensity between pH 5 and 7. 

CONCLUSIONS 
The hydrogen exchange properties of M13 coat protein in 

SDS micelles suggest a model of the protein in which the 
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