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Abstract 

Hydrogen/deuterium exchange behavior of human recombinant [C22A] FK506 binding protein (C22A FKBP) has been 
determined by protein fragmentation, combined with electrospray Fourier transform ion cyclotron resonance mass 
spectrometry (MS). After a specified period of H/D exchange in solution, C22A FKBP was digested by pepsin under 
slow exchange conditions (pH 2.4, 0°C). and then subjected to on-line HPLC/MS  for deuterium analysis of each 
proteolytic peptide. The hydrogen exchange rate of each individual amide hydrogen was then determined independently 
by heteronuclear two-dimensional NMR on "N-enriched C22A FKBP. A maximum entropy method (MEM) algorithm 
makes it possible to derive the distributions of hydrogen exchange rate constants from the MS-determined deuterium 
exchange-in curves in either  the holoprotein or its proteolytic segments. The MEM-derived rate constant distributions 
of C22A FKBP  and different segments of C22A FKBP  are compared to the rate constants determined by NMR for 
individual amide protons. The rate constant distributions determined by both methods are consistent and complementary, 
thereby validating protein fragmentation/mass spectrometry as a reliable measure of hydrogen exchange in proteins. 

Keywords: conformation; FK506 binding protein; FT-ICR; hydrogen exchange; mass spectrometry; maximum 
entropy method; NMR; solvent accessibility. 

Protein hydrogen exchange has become a powerful tool for prob- 
ing the higher-order structure and dynamics of proteins (Wood- 
ward et al., 1982; Englander & Kallenbach, 1984; Gregory & 
Rosenberg, 1986; Englander et al., 1996). Among the many dif- 
ferent techniques for determining backbone amide hydrogen ex- 
change rates, high-resolution multidimensional NMR spectroscopy 
has been the most successful and definitive, because it can deter- 
mine hydrogen exchange rates of individual amide protons. How- 
ever, such  experiments require large quantities of protein (typically 
tens of mg), and the upper mass limit is typically S30,OOO Da. 

A method based on tritium exchange  and proteolytic digest has 
been described by Rosa and Richards (1979) as well as by En- 
glander et al. (1985) for investigating large proteins. In that frag- 
ment separation method, after the protein was labeled with tritium, 
the protein was fragmented with an acid protease, followed by 
HPLC separation of the proteolytic peptides. The levels of ex- 
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change into different segments of the protein were quantified from 
the radioactivity and amount of each peptide. That fragment sep- 
aration approach has been applied to large proteins. However, the 
fragment separation method requires that each proteolytic peptide 
be isolated and quantified within a time period significantly shorter 
than the deuterium back-exchange half-lives, thereby limiting the 
number of segments available as structural probes (Englander 
et al., 1992). Zhang and Smith (1993) extended the method by 
replacing tritium with deuterium, and determining the extent of 
deuteration for each proteolytic peptide by means of directly cou- 
pled HPLC and mass spectrometry (MS). Because the amide deu- 
terium level was determined directly from the molecular weight of 
the peptide, it was not necessary to isolate the peptide before the 
analysis. Therefore, the number of peptides available as structural 
probes was greatly increased. 

Mass spectrometry has become increasingly popular for ex- 
amining high-order structural features of proteins (Smith & Zhang, 
1994), and protein fragmentation combined with mass analysis 
has been applied to many protein structural problems (Zhang & 
Smith, 1993, 1996; Johnson & Walsh, 1994; Liu & Smith, 1994; 
Dharmasiri & Smith, 1996; Johnson, 1996; Zhang et al., 1996, 
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1997; Smith et  al., 1997). Compared to H/D exchange observed 
by NMR, mass spectrometry is vastly more sensitive (picomole 
quantity) and extends to proteins and complexes of much higher 
mass. However, mass spectrometry usually yields overall hydro- 
gen exchange for the whole protein or its segments, and back- 
exchange  (see  below) can vitiate the results. Although it is 
obviously desirable to validate the mass spectrometric method 
by direct comparison to NMR, no systematic comparison of pro- 
tein hydrogen exchange rates from MS and NMR has yet been 
performed, mainly because the rates of one or more amide hy- 
drogens are typically missing from the NMR data (due to peak 
overlap and/or unassigned amide resonances), and the mass spec- 
trometric data typically do not resolve individual amide proton 
exchange rates. 

For a particular amide hydrogen, the exchange reaction follows 
first-order kinetics, i.e., the number of unexchanged hydrogens 
decreases exponentially with time during the exchange period. 
Because different amide hydrogens in a protein segment usually 
have difference exchange rates, the deuterium exchange-in time 
course  for such a segment is described by a distribution of rate 
constants. As a first approximation, Zhang and Smith (1993) have 
used a three-component model, in which three rate constants of the 
amide hydrogens in each protein segment are used to fit the deu- 
terium exchange-in time courses. However, dividing all amide hy- 
drogens into three groups is clearly arbitrary. As a next step, Zhang 
et al. (1996) recently described the deuterium exchange of all N 
backbone amide hydrogens in a segment as a sum of N exponen- 
tially decreasing terms, from which the number of distinguishable 
rate constants is derived iteratively. However, because that method 
does not consider experimental errors explicitly in the fitting pro- 
cess, the experimental data can be overinterpreted. Both analytical 
and numerical Laplace inversions have also been used to derive the 
rate constant distribution in proteins (Knox & Rosenberg, 1980; 
Gregory, 1983). In this paper, we employ a maximum entropy 
method (MEM)  to deconvolve the deuterium exchange-in time 
course into a distribution of rate constants. Because MEM inher- 
ently incorporates experimental errors, it provides the most unbi- 
ased result, thereby avoiding over- or underinterpretation of the 
data. Moreover, random noise is suppressed in the entropy maxi- 
mization process, to yield a smoother and less noisy result without 
sacrificing accuracy significantly. From the MEM distribution of 
rate constants, the missing NMR data are not so serious a problem, 
and the MS and NMR data may be compared directly. 

Fourier-transform ion cyclotron resonance mass spectrometry 
[FT-ICR MS (Comisarow & Marshall, 1974; Marshall & Sch- 
weikhard, 1992;  Speir  et  al., 1992; Buchanan & Hettich, 1993; 
Wilkins, 1994)] is especially well-suited for protein hydrogen ex- 
change experiments because its ultrahigh mass-resolving power 
resolves isotopic distributions in all but very large proteins (McLaf- 
ferty, 1994; Wu et al., 1995;  Senko  et al., 1996). [Double-depletion 
of I3C and "N further extends the upper mass limit for FT-ICR 
MS by almost an order of magnitude (Marshall  et al., 1997).] The 
isotopic distributions for a deuterated protein and its proteolytic 
fragments reveal not only their deuterium contents, but also how 
the deuterons are distributed-a unique advantage of mass spec- 
trometry, making it potentially complementary to NMR for under- 
standing protein structure and dynamics (Miranker  et al., 1993). 
The high mass accuracy of  FT-ICR MS also makes possible the 
identification of the proteolytic fragments of a protein based on 
accurate mass measurement alone, thereby greatly simplifying in- 
terpretation of the protein fragmentation method used to determine 

hydrogen exchange rates of different segments of a protein (Zhang 
& Smith, 1993). 

In this paper, hydrogen exchange behavior of a mutant of the 
FK506 binding protein (C22A FKBP)  has been measured by both 
electrospray ionization (ESI)  IT-ICR MS and heteronuclear two- 
dimensional NMR. FKBP  is a small (107 amino acids) protein that 
exhibits peptidyl-prolyl cis-trans isomerase activity in vitro, but 
whose natural ligands have not been identified. FKBP complexed 
to ascomycin or rapamycin is involved in immunosuppression 
through the formation of ternary complexes with calcineurin or 
FKBP-rapamycin-associated protein (FRAP), respectively (Fru- 
man et al., 1994). For each deuterium exchange-in time course 
measured by protein fragmentation/mass spectrometry, a distribu- 
tion of hydrogen exchange rate constants can be derived by MEM. 
The distributions of rate constants for segments (or differences 
between two overlapped segments) are then compared to the avail- 
able NMR rate constants for individual amide hydrogens. 

Results  and  discussion 

Analysis of protein structure and dynamics may be complicated by 
the formation of non-native disulfide bonds. Although FKBP con- 
tains no disulfides, there is a single cysteine at position 22.  To min- 
imize complications due to intermolecular disulfide bond formation 
during folding and unfolding, we have replaced this residue with al- 
anine (C22A FKBP). NMR studies reveal no significant difference 
in the structure of C22A versus wild-type FKBP (M. Li & T.M. Lo- 
gan, unpubl.), and previous enzymatic assays reveal no change in 
peptidyl-prolyl cis-trans isomerase activity (Park  et al., 1992). 

NMR determination of H/D exchange rates of individual 
amide hydrogens of C22A FKBP 

The  'H-"N HSQC spectrum of "N-enriched C22A FKBP  col- 
lected at four different deuteration stages are presented in Figure 1. 
The NMR resonances are assigned from a combination of standard 
triple-resonance experiments. Specifically, the HNCO, HNCACB, 
and CBCA(C0)NH experiments (Muhandiram & Kay, 1994) were 
used to identify the individual resonances and provide sequential 
connectivities via the carbon chemical shifts. These assignments 
were confirmed by analysis of 3D "N-separated TOCSY-HSQC 
and 3D "N-separated NOESY-HSQC experiments. Analysis of 
the I3C chemical shifts and NOESY connectivities indicate little 
change in the structure of C22A FKBP compared to wild-type. The 
residue labels on each spectrum of Figure 1 denote the amide 
position on each residue. The labels are in reverse order of the 
exchange rates of corresponding amide hydrogens. Thus, the peaks 
remaining in the spectrum after the longest exchange period (48 h) 
are labeled first ( k  < 0.04 h-'),  then the additional peaks seen in 
the spectrum after 5 h of exchange (0.04 h" < k < 0.6 h-'),  
followed by additional peaks in the spectrum after 10 min  of 
exchange (0.6 h" < k < 6 h-').  The remaining hydrogens in the 
nonexchanged spectrum are those that exchange very fast (k  > 
6 h"). 

The hydrogen exchange rate constant of each resolved amide 
hydrogen was calculated by plotting peak volume versus exchange 
period. These volumes were then fitted to a single exponential 
decay (first-order kinetics). The p2H value of the exchange solu- 
tion read directly from a pH meter (pDread) was 7.07, or -0.03 pH 
unit higher than the pDread value of the exchange solution for MS 
measurement (pDread = 7.04). Because hydrogen exchange is base- 
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Fig. 1. HSQC spectra of "N-labeled C22A FKBP after each of four different H/D exchange periods, in which each amide resonance 
is labeled as its assigned amino acid residue. Assigned amide hydrogens in the spectrum before exchange (upper left) have rate constant 
>6 h-' ; those after -10 min  of exchange (upper right) have rate constants of 0.6-6 h" ; those after 5 h of exchange (lower left) have 
rate constants, 0.04-0.6 h"; and those after 48 h of exchange (lower right) have rate constants <0.04 h". 

catalyzed at  pH - 7, the exchange rate should be proportional to 
the hydroxide concentration. The first-order exchange rate con- 
stants determined by NMR were therefore corrected by dividing by 
a factor of - 1.07 for comparison to  MS data. C22A  FKBP 
has 107 residues, in which 7 proline residues and the N-terminal 
residue do not have an amide hydrogen. Therefore, there are 99 
total backbone amide hydrogens in C22A FKBP. Due to resonance 
overlap, only 94 rate constants were obtained from the NMR data. 
Figure 2 (right) shows a bar graph of the exchange rate constants 
for amide hydrogens on 90 different residues (exchange rates for 
amide hydrogens on some residues were not available due to am- 
biguities in assignment caused by differences in  pH between this 
experiment and  the  pH  for the experiments on which the assign- 
ments were  based).  The minimum measured exchange  rate con- 
stant for C22A FKBP  is -0.002 h" and the maximum resolvable 
rate constant is -10 h". For resonances exhibiting no detectable 
peak volume at the shortest exchange period (-10 min), the ex- 

change rate constants are >10  h-'. The three-dimensional X-ray 
crystal structure of FKBP (van Duyne et al., 1991) is shown in 
Figure 2 (left), and the a-helix and P-sheets are identified on the 
bar graph of exchange rate constants (Fig. 2, right). It is clear that 
the exchange rate is reduced significantly in both a-helix and 
P-sheet secondary structural segments, and is much higher in res- 
idues forming loops and turns. 

Although the E5 and L104 amide hydrogen resonances over- 
lap, they include a proton with one of the slowest exchange 
rates in the protein. From the three-dimensional structure of FKBP 
(Fig. 2, left) and NMR-determined hydrogen exchange rate con- 
stant map (Fig. 2, right), it can be seen that residues L97-Kl05 
form the stable interior P-sheet and have the slowest hydrogen 
exchange rate in the protein (0.002-0.05 h-'),  whereas E5 is in 
a relatively unstable P-strand and is bracketed spatially by sev- 
eral faster exchanging amide hydrogens (>2 h"). Thus, inclu- 
sion of only the later time points (>5 h) to calculate the rate 
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Fig. 2. Left: Three-dimensional structure of FKBP (van Duyne et al.. 1991). drawn with MOLSCRIPT (Kraulis. 1991). Right: 
Hydrogen exchange rate constants determined by  NMR. for each of the NMR-assignable backbone amide hydrogens of C22A FKBP. 
Segments containing a-helix and @-sheets are represented by the symbols c1) and P. respectively. 

contant for this resonance should yield a good approximation of 
the L104 amide hydrogen. That assumption is supported by the 
good f i t  between MS  and NMR data shown in Figures 5 and 8 
(discussed below). 

Mass spectrometric identification of proteolvtic 
fragments of C22A FKBP 

C22A  FKBP was digested by pepsin at pH 2.4 and 0°C for 3 min 
at a substrate:enzyme ratio (w/w) of 1 : 1.  The protein digest was 
then subjected to ESI FT-ICR  MS analysis with online desalting. 
The proteolytic peptides were assigned by combining the follow- 
ing methods: ( I )  MS/MS spectra of peptides generated by use  of 
infrared multiphoton dissociation (IRMPD) (Little  et a!., 1994); 
(2) known proteolytic specificity of pepsin (Powers  et al., 1977; 
Smith et al., 1997); and (3) accurate mass measurements based on 
identified peptides as internal mass calibration ( < I O  ppm mass 
accuracy). Some 34 fragments, spanning the full C22A FKBP 
primary amino acid sequence were identified. After excluding frag- 
ments whose MS signals were too weak to yield accurate deute- 
rium content, we were able to determine the deuterium incorporation 
into 22 segments, of which 13 (spanning 100% of the C22A FKBP 
primary sequence) are presented here. 

Mass spectrometric determination of H/D exchange 
for C22A FKBP and its segments 

C22A FKBP was exposed to D'O for different lengths of time and 
the exchange was quenched in each case by decreasing the pH  of 
the solution to 2.4 and lowering the temperature to 0°C. Part of 
this solution was analyzed by online desalting and ESI FT-ICR 
MS. Figure 3 (left)  shows mass spectra of intact C22A FKBP 
following exposure to DrO for differing periods of time. 

To establish the site(s) of deuterium incorporation, we digested 
the balance of the 'H-exchanged C22A FKBP under quenching 
conditions (pH 2.4. 0°C) for 3 min, at  a substrate:enzyme ratio of 
1 : 1. The protein digest was then subjected to online LC/MS anal- 
ysis using a reverse-phase perfusion column and ESI FTICR MS. 
Figure 3 (right) shows mass spectra of the proteolytic peptide, 
GI-M29 at several different 'H exchange times. Because the 
online desalting (of intact C22A FKBP) and HPLC separation (of 
its pepsin-cleaved fragments) were performed in HzO, all fast- 
exchangeable hydrogens on the side chains of the protein or pep- 
tides were back-exchanged from deuterium to hydrogen, leaving 
deuteriums only for the peptide backbone amides. 

The top and bottom spectra in Figure 3 (both left and right) 
were obtained from the nondeuterated protein and fully deuter- 
ated protein, respectively. Fully deuterated protein was generated 
by incubating C22A FKBP in 4  M urea at 40°C for 50 h in 
DrO  (the equilibrium denaturation midpoint for C22A at 25°C 
is 4.0 M urea; M.  Li & T.M. Logan, unpubl.). Both the nondeu- 
terated protein and fully deuterated protein went through exactly 
the same analysis procedure as the partially deuterated protein 
(the second and third spectra). The deuterium content, D, for 
each partially deuterated species  was calculated from (Zhang & 
Smith, 1993): 

m - moq 
mlwq - mn% 

in which N is the total number of backbone amide hydrogens in the 
protein or its segment (namely, N = 99 for C22A FKBP and N = 
26 for G1-M29, after taking into account that the N-terminal res- 
idue and prolines do not have amide hydrogens), and moqr m, and 
mlmq are the average molecular weights calculated from the cen- 
troid of the isotope envelopes of the nondeuterated species (top- 

D =  N ,  (1) 
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Fig. 3. ESI FTICR mass spectra of intact C22A FKBP ([M+9HI9+) and segment Gl-M29 ([M+3HI3+) following various deuter- 
ation stages. Top and bottom spectra for both C22A FKBP and Gl-M29 represent zero-deuteration and full-deuteration controls, 
respectively. 

most spectra of Fig. 3), partially deuterated species (next two rows 
of spectra  in Fig. 3), and fully deuterated species (bottom spectra 
of Fig. 3). Deuterium uptake is described by Equation 1 because 
some deuterium gain (during digestion in D20)  or loss (during 
digestion and desalting or HPLC separation in H20) always  occurs 
during analysis; thus, the nondeuterated and fully deuterated sam- 
ples serve  as controls to correct for such deuterium gain or loss. All 
deuterium contents described in this paper are calculated from 
Equation 1 .  

Mass spectrometric deuterium exchange-in time course and 
its resultant hydrogen exchange rate constant distribution; 
NMR hydrogen exchange rate constant distribution 

Figure 4 (left)  shows the deuterium exchange-in time courses of 
intact C22A FKBP (top) and segment Gl-M29 of C22A FKBP 
(bottom). (The deuterium exchange-in time course of C22A FKBP 
was derived from  two  sets of exchange  data performed and mea- 
sured on different days.) Unfortunately, we cannot compare di- 
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Fig. 4. H/D exchange  time  courses  of C22A FKBP (upper  left) and segment  GI-M29  (lower  left) and the  distributions  (right.  smooth 
curves)  of  their  rate  constants  derived  from  their  MS-determined H/D exchange  time  courses.  The  number of amide  hydrogens  for  each 
resolved peak in the MEM-derived  rate  constant  distribution is shown  above that peak.  The  NMR-determined rate constants  of  amide 
hydrogens  are  shown as bars  (or  as  a total number  denoted by an arrow when the  exchange rate is too fast to be measured by the NMR 
experiment).  Note that NMR lacks  the rate constants  for  five  hydrogens in C22A FKRP. and amides E5 and T6 (underlined in the 
sequence)  for G I-M29. 

rectly such MS exchange-in time courses with those constructed 
from individual amide hydrogen exchange rates determined by 
NMR. because the unavailable amide exchange data from the 
NMR experiments (due to overlapped resonances and ambigu- 
ities in resonance assignment) would distort the comparison. How- 
ever, we can convert the mass spectrometric results to a form 
that is comparable directly to the NMR results, by using MEM 
to extract a distribution of hydrogen exchange rate constants 
from the MS-determined hydrogen exchange time course data 
for both intact protein and its proteolytic fragments (see Mate- 
rials and methods). 

Figure 4 (right)  shows the rate constant continuous distribution 
(smooth curve) of C22A FKBP and GI-M29 derived by MEM (see 
Materials and methods) from the MS-determined time course data, 
along with the discrete distribution of rate constants determined by 
NMR (bars).  The total number, N ,  of amide hydrogens for intact 

C22A FKBP and its G1-M29 segment is given in the figure. The 
continuous curves in Figure 4 (left) give rise to the MEM-based rate 
constant distribution curves shown in Figure 4 (right). In Figure 4 
(right), each vertical bar height for the NMR-derived data repre- 
sents the number of amide hydrogens with exchange rate constants 
in  the stated range. For rate constant distributions derived from the 
MS data, the ordinate in Figure 4 (right) has been scaled such that 
the total urea under the curve corresponds to the total number of am- 
ide hydrogens in the protein or segment over that range of rate con- 
stants. The number of hydrogens (calculated from the area under  each 
resolved peak in the MEM-derived distribution curve) appears at the 
top of each peak, as  a measure of the number of amide hydrogens 
of each resolvably different exchange rate constant. For both MS 
and NMR data, the horizontal axis is the logarithm of exchange rate 
constant-a log scale was chosen to cover a wide range of exchange 
rates. 
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A final aspect of the  format of Figure 4 requires explanation, 
before we can interpret the results. Under  the conditions for this 
experiment (pDread - 7, 25 "C), the hydrogen exchange rate con- 
stant for a totally exposed peptide  amide hydrogen (and hence the 
maximum rate constant for any amide hydrogens in the protein) is 
-lo4 h" (Bai  et al., 1993). Thus, the number of amide hydrogens 
with log k > 4 should be zero. However, because the maximum 
rate constant  that  can be determined from the NMR data is 
- 10 h ~ I, all amide hydrogens with faster  exchange rates are con- 
sidered to have equal probability throughout the range, 1 i log k 
5 4. In that case, bars with equal abundance are used to represent 
amide hydrogens with k > 10 h ~ ' ; the number of hydrogens in 
this exchange regime is designated by an arrow. For amide hydro- 
gens of slower  exchange rate (log k < l), the number of amide 
hydrogens in each "bin"  of NMR-determined exchange rate con- 
stants can be determined directly from the graph. In the rate con- 
stant distribution of C22A  FKBP determined by NMR (bar graph 
at upper right of Fig. 4), rate constants determined from all 94 
observed HSQC  amide proton peaks were used. Similarly, for the 
MEM distribution based on MS data, MEM assigns equal proba- 
bility to all rate constants that are  too fast or too slow to measure- 
hence, the MEM  curves flatten at each end of the rate constant 
distribution range. Finally, in cases  for which the MEM-determined 
exchange rate constant  falls  at the limit of the detectable range 
(e.g., bottom curves in Fig. 7, see below), the MEM distribution 
exhibits a sigmoid shape, and the most probable rate constant 
corresponds to the midpoint of the shoulder. 

Comparison of MS- and NMR-derived amide hydrogen 
exchange rate constant distributions for intact 
C22A FKBP and its GI-M29 segment 

For intact C22A FKBP, the MS- and NMR-derived amide hydro- 
gen exchange rate constant distributions agree quite well: each 
shows three partially resolved rate constant groupings. The differ- 
ences between the two distributions result in part from different 
deuterium back-exchange rates at different amide positions that 
occur during the MS experiment. Specifically, the number of deu- 
terium at slow-exchanging sites (due to residual structure present 
during online desalting) will be overestimated by the MS method 
(see below for  further discussion of this point). Also note that the 
NMR data for intact  C22A  FKBP  lacks rate constants  for five 
amide hydrogens due to overlapped NMR resonances. Although 
two  amide hydrogens (E5 and  T6, which overlap with L104 and 
F46, respectively) are missing from the NMR data  for the Gl-M29 
segment  (Fig.  4, lower right), there is still reasonable agreement 
with the MS MEM-based rate constant distribution for that segment. 

For the rate constant distributions determined by MS for both 
C22A FKBP and its G1-M29 segment (Fig.  4, right), there is 
non-zero probability of amide hydrogens with very small exchange 
rate constants (k < 10" h"), whereas NMR shows no amide 
hydrogens with exchange  constants in that range. The reason is 
that when the exchange rates of several amide hydrogens in a 
segment are all slow, the MS-determined deuterium exchange-in 
rate constants are additive; although the sum of those rate con- 
stants  can be calculated, individual rate constants  are not distin- 
guishable  and  MEM assigns equal probability to ail rate constants 
below the measurable threshold [i.e., the  lower log k limit of each 
MEM-derived distribution curve in Fig. 4 (right) effectively ex- 
tends indefinitely to the left]. NMR, on the other hand, yields a 
definite rate constant because it  can resolve individual rate con- 

stants. The behavior at the high log k limit is different from the 
limit at  low log k because the highest log k is limited by the ex- 
change rate of an  amide hydrogen totally exposed to solvent, which 
is log k - 4 under our experimental conditions. Thus, the MEM- 
based distribution of rate constants drops effectively to zero for 
log k > 4. 

Note that because (1) the shortest exchange period is - 1 min for 
MS measurements and - 10 min for NMR measurements, and  (2) 
MS is more sensitive in detecting small deuterium content, the 
maximum detectable rate constant from MS is higher than from 
NMR. In Figure 4 (right), the MEM-derived rate constant distri- 
bution curve from MS levels off at log k > 2.3; thus, any rate 
constants  greater than -200 h" are not distinguishable. In other 
words, the maximum detectable rate constant is -200 h" for MS. 
compared to -10 h" for NMR. That difference leads to different 
apparent rate constant distributions for the two methods in the 
range 1 5 log k 5 2.3, as shown in Figure 4 (upper right) and 
Figure 5, because the NMR data  do not provide an accurate rate 
constant for log k > 1. 

Comparison of MS- and NMR-derived amide hydrogen 
exchange rate constant distributions for 12 selected 
segments of C22A FKBP 

Figure 5 shows distributions of amide hydrogen exchange rate 
constants for 12 different segments of the C22A FK506-binding 
protein determined from MS and NMR. The amide hydrogens with 
rate constants unavailable from the NMR data are underlined in 
each sequence. The two sets of data have reasonable fits  for most 
of the segments. For  example, segment S67-L97 exhibits  two 
distinct rate constant groups resolved by the MS data. From the 
areas under the MEM-derived rate constant distribution curve, 11 
of 26 amide hydrogens have rate constants < 0.2 h-I, and 15 of 
26 have rate constants > 2 h".  By comparison, rate constants 
determined from NMR reveal that 10 amide hydrogens have rate 
constants in the range of 0.007-0.05 h" and 11 amide hydrogens 
have rate constant > 3 h". Rate constants for the remaining five 
amide hydrogens are not available from NMR. Similar compari- 
sons are evident for segments T75-L97, Y82-L97, and L103- 
E107, for which two distinct rate constant groups are well resolved 
in each case. 

For other segments that do not have well-resolved groups of 
exchange rate constants, the MS- and NMR-derived data are in 
reasonable agreement. For  some  segments (e.g., S67-L97, T75- 
L97  and T75-F99), the MS- and NMR-derived rate constant dis- 
tributions differ in the range 1 5 logk 5 2.3, due to the higher 
MS-measurable exchange rate constant, as noted above. 

Finally, for at least one very short segment (L103-E107), the 
agreement between MS- and NMR-derived amide hydrogen ex- 
change rate constants  is near-quantitative (see Fig. 8 below), sug- 
gesting that comparison between MS  and NMR-derived rates would 
be improved by use of short peptide segments. We are thus led to 
seek ways to shorten the effective length of a segment for MS 
analysis, as described in the next section. 

Use of overlapped segments to improve the resolution 
of MS-derived  amide hydrogen exchange rate constant 
distributions for comparison  to NMR results 

The key to improving the MS resolution lies in the availability of 
peptides whose primary amino acid sequences overlap by just a few 
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Fig. 5. Distribution of rate constants for many different segments of C22A FKBP derived from MS-determined H/D exchange time 
courses (smooth curves) and from HSQC NMR (bars).  N is the total numher of hackhone amide hydrogens in that segment. The numhcr 
of amide hydrogens for each resolvcd peak in  the MEM-derived rate constant distrihution is shown ahove that pcak. The NMR- 
determined rate constants of amide hydrogcns are shown as bars (or  as  a total numher dcnotcd by an arrow when the exchange rate 
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in the sequence denote amide hydrogens for which no NMR-determined rate constant is availahlc due lo rcsonancc ovcrlap and/or 
amhiguity in assignment. 
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residues. For  example,  deuterium incorporation into  the  segment 
V2-V4 may be determined from the difference in deuterium con- 
tents of peptides G1-M29 and V4-M29 (note that the first residue 
of a peptide does not have an  amide hydrogen; and the deuterium 
on the N-terminal primary amine is washed away in the HPLC sep- 
aration step). Figure 6 (left)  shows  the deuterium exchange-in time 
course for the segment V2-V4, calculated from the  difference  in the 
time  courses  for the above-mentioned two overlapping peptides. 
MEM may then be applied as before to derive  the distribution of 
rate constants  for  this three-residue segment  (Fig. 6, right). NMR 
data tell us that amide hydrogens of all three  residues  exchange rap- 
idly (> 10 h" ). However, the MS data  show that one hydrogen ex- 
changes slowly (<0.4 h" ). The discrepancy is caused by errors in 
the original MS  data  for GI-M29 and V4-M29, because the deu- 
terium  content of V2-V4 is determined from a small  difference 
(3 amide protons) between two large segments (26 and 23 amide 
protons), so that a 4% error in the MS data from the longer  segment 
due to back exchange could lead to an apparent change of one hy- 
drogen. Thus, although spatial resolution may be improved greatly 
by taking differences between overlapped segments, care must be 
taken in interpreting the result, especially for a small difference be- 
tween two large segments. Figure 7 shows the MS-based rate con- 
stant distributions for  four more short  segments derived from data 
for  other overlapping peptides. The MS data  for  these  shorter pep- 
tides provide an excellent match to the NMR results in each case. 

Comparison  of directly  observed  MS-based  and 
back-calculated  NMR-based  exchange  time 
courses for selected  short  segments 
of C22A FKBP 

Among the 12 protein segments presented in Figure 5.5 have com- 
plete corresponding NMR data (E54-M66, W59-M66, V98-EI02, 
V98-LI03, and L103-EI07). For those segments, rate constants of 
all amide hydrogens in a segment are known by NMR, and the MS- 
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based deuterium exchange-in time course  can be compared directly 
to the time course generated from the NMR-determined exchange 
rate constants. Figure 8 shows such comparisons for W54-E66,  V98- 
E102,  and  L103-EI07. The MS-determined  deuterium  contents 
after various exchange periods are shown  as scattered points and 
the back-calculated NMR time  courses  are shown as smooth curves. 
The  MS  data match the NMR data perfectly for the  L103-El07 
segment. The discrepancy between the MS- and NMR-based time 
courses of W54-E66 and V98-El02 may result from inaccuracy in 
the deuterium back-exchange correction for the MS data. Typically, 
the deuterium loss from deuterium back-exchange during digestion 
and HPLC fractionation is 20-40% of the deuterium (calculated from 
the observed deuterium content in the fully deuterated control), and 
the deuterium gains are 1-5% of the nondeuterated amide positions 
(calculated from the observed deuterium content in the nondeuter- 
ated control), varying from one peptide to another. If the deuterium 
content of a peptide is calculated from Equation I ,  we may correct 
for the deuterium gains or losses by use of the two control samples. 
In Equation 1, it is assumed that all amide hydrogens in a segment 
exchange  at the same rate during analysis (Zhang & Smith, 1993); 
however, under quenched conditions (pH 2.4,O "C), the hydrogen 
exchange  rates  for  amide hydrogens in V98-El02 can differ by as 
much as a factor of 12, with half-lives ranging from 1 1 to 127 min; 
and by a factor of 50, with half-lives ranging from 9 to 440 min for 
W54-E66 [calculated with a program written by the author accord- 
ing to a previously published algorithm (Bai et al.,  1993)]. Thus, 
deuterium back-exchange during analysis is  one of the major sources 
of discrepancies between the MS and NMR results; therefore, ef- 
forts were made at every step of the analysis to reduce deuterium 
back-exchange. These efforts  include  careful  control of pH and 
temperature during peptic digestion and HPLC separation, as well 
as reducing  analysis time by use of a capillary perfusion column 
(Afeyan et al., 1990b. 1990a, 1991) for peptide separation. 

For  some segments, deuterium may be retained on some side 
chains  during LC/MS analysis, leading to another source of devi- 

Rate Constant Distribution 
for  V2-V4 (N=3) 

2H 

-3 -2 - 1  0 1 

log k (h-l) 

2 3 4 

Fig. 6. H/D exchange time course (left) and MEM-derived distribution of H/D exchange rate constants (right) for the  short V2-V4 
segment (left). The left-hand data  represent  the difference between similar curves for two overlapped peptides, GI-M29 and V4-M29. 
The NMR-determined  rate constants are shown as bars (right). 
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Fig. 7. Distribution  of  rate  constants  for  four  small  segments  of C22A FKBP, derived from H/D  exchange  time  courses from MS of 
overlapped  peptides  (smooth  curves),  and NMR (bars).  Deuterium  content in  segment VSS-WS9 was  calculated  from  the  difference 
in deuterium  content  between ES4-M66 and WS9-M66: segment V68-T7S from the difference  between S67-L97 and T7S-A97: 
segment V98-F99 from  the  difference  between T75-F99 and T7S-L97: and L103 from the difference  between V98-LIO3 and 
V98-E 102. 

ation between MS and NMR data (Johnson, 1996). In Equation I ,  
we assume that all side-chain hydrogens are completely washed 
out in the desalting or HPLC separation step: i.e., that the total 
number of exchangeable hydrogens is the total number of back- 
bone amide hydrogens in the peptide. However, the N6H of  Arg 
have exchange half-lives of a few minutes under quenched condi- 
tions (Bai  et al., 1993) and may not wash out completely, espe- 
cially considering that the whole analysis takes only about 7 min. 
Moreover, the C-2 hydrogen of His may be exchanged after a 
prolonged exchange period and that hydrogen is quite stable at low 
pH and temperature (Gregory & Rosenberg, 1986). 

How  then are the discrepancies caused by uncertainties in the back- 
exchange correction reflected in the rate constant distribution? Be- 
cause the back-exchange correction is applied equally to all  of the 
time course data, the number of protons having a calculated rate con- 
stant distribution derived from MS versus NMR may differ, but the 
rate constants themselves  should not. For example,  consider the 
MEM-derived rate constant distribution of intact C22A FKBP.  Al- 
though the quenched condition used here is acidic (pH 2.4, 0 "C), 
some residual structure may protect some amide hydrogens from ex- 
change, and that residual structure may be related to the native struc- 
ture. As a result, those amide hydrogens that exchange slowly in the 
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Fig. 8. Comparison of deuterium incorporation as a function of H/D ex- 
change period, determined by MS (data points) and  from time courses 
constructed from NMR-determined exchange rate constants (smooth curves) 
for C22A FKBP segments E54-M66 (sequence EVIRGWEEGVAQM, solid 
squares), V98-EI02 (sequence VFDVE,  solid  circles), and L103-ElO7 
(sequence LLKLE, open circles). 

native structure may also exchange slowly under quenched condi- 
tions. If the same back-exchange factor is used to correct for the deu- 
terium back-exchange for all amide hydrogens, the abundance of 
slow-exchanging amide hydrogens may be overestimated, leading 
to a less accurate representation of the rate constant distribution for 
the intact protein (Fig. 4, upper right). Nevertheless, the positions 
of peaks in the MS-determined distribution matches quite well to 
the NMR-determined rate constant distribution. 

Conclusions 

The primary application of protein hydrogen-deuterium exchange 
is to characterize protein conformational and dynamical changes. 
NMR is widely used for studying the exchange process because it 
provides information on (essentially) all backbone amides, but 
suffers from a lack of sensitivity and an upper limit of approxi- 
mately 20 kDa. MS complements the NMR method very well 
because it has very high inherent sensitivity (which provides ac- 
cess to different exchange rate regimes), and can easily distinguish 
different conformational states. The problem with MS determina- 
tion of H/D exchange rates is that exchange rates for individual 
amides are more difficult to determine. 

In this paper, we compare the H/D exchange rates in C22A 
FKBP determined by NMR and MS, and introduce two methods 
that allow a semi-quantitative comparison of the H/D exchange 
rates determined by these two methods. The first approach is to 
extract the exchange rate distribution in peptide fragments by a 
maximum entropy method. Laplace inversion has been used to 
derive hydrogen exchange rate constant distributions for proteins; 
however, Laplace inversion is a notoriously ill-conditioned prob- 
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lem. In general, even for  data with arbitrarily low noise levels, 
there  exist a large number of solutions that fit the experimental 
data comparably well (Gregory, 1983). In contrast, the present 
MEM algorithm completely avoids inversion in deriving the dis- 
tribution. Compared to the previous methods to derive the rate 
constant distribution (Gregory & Rosenberg, 1986), the  MEM al- 
gorithm gives a more reliable and less biased solution. In addition, 
noise is minimized in the entropy maximization process. In the 
numerical Laplace inversion algorithm described by Gregory (1983), 
the smoothest solution that is consistent with the data is chosen as 
the final result, which is similar to the MEM algorithm described 
in this paper. However, smoothness was judged by visual inspec- 
tion, introducing subjectivity into the process, whereas MEM finds 
the smoothest curve based on entropy maximization. Note that 
back-exchange during the MS method leads to an overestimate of 
the total number of protons exchanging in a given peptide frag- 
ment, but no difference in the exchange rate distributions. 

A second improvement is to compare the exchange rate distri- 
butions in overlapping peptides to assign differences in the ex- 
change rates of these peptides to individual residues (or to very 
short primary segments). Pepsin usually generates many overlap- 
ping peptides because of its low specificity. Taking difference of 
overlapping peptides to identify deuterium incorporation of shorter 
segments is an important approach toward improving the spatial 
resolution of the MS method (Zhang & Smith, 1993; Zhang et al., 
1996). Here we have demonstrated that this method allows a quan- 
titative comparison of exchange rates between NMR and MS for 
relatively short peptides. In some cases, the difference in deute- 
rium contents of overlapped peptides may even have better accu- 
racy (not precision) than the deuterium content determined from 
the original peptides. For example, an amide hydrogen on the 
second residue from the N-terminus of a peptide exchanges rela- 
tively fast under quenched conditions (half-life usually < 10 min) 
due to the inductive effect of the positive charge on the N-terminus 
(Molday et al., 1972; Bai et al., 1993). As a result, because the 
deuterium on this position is lost more easily than others during 
analysis, a large error will result if that position is deuterated, 
However, the dtfference in deuterium content of two N-terminal 
overlapping peptides will not be affected. Using this difference 
method, we achieve a spatial resolution of - 1-4 residues (average 
resolution for the whole protein is - 11 residues); average spatial 
resolution to as few as 5 residues has been achieved for other 
proteins (Zhang  et al., 1996). 

Finally, FT-ICR offers several unique advantages over other 
forms of mass spectrometry for hydrogen exchange analysis. First, 
due to its ultrahigh mass resolution, isotopic peaks of  an intact 
protein can be resolved. Thus, in a proteolytic digest experiment, 
FT-ICR MS isotopic peaks of all protein fragments are well re- 
solved, facilitating charge state assignment. With other mass spec- 
trometers, isotopic peaks of all fragments are usually nor resolved, 
and a better HPLC separation is needed in order to assign charge 
states, with concomitant increase in HPLC separation time and 
thus increased deuterium back-exchange. Second, because of FT- 
ICR's ultrahigh mass measurement accuracy, most of the proteo- 
lytic fragments of a protein can be identified by their accurate 
masses, thereby reducing the need for MS/MS  or other partial 
sequencing of each fragment. Because peptide identification is the 
limiting factor (in both time and sample consumption) (Smith 
et al., 1997), IT-ICR MS greatly reduces the experimental time 
and effort, as well as  sample consumption, compared to other mass 
analyzers. 
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Materials  and  methods 

Materials 

Sephadex G-15 from Pharmacia Biotech; D20 and pepsin from 
Sigma Chemical Co. were used without further purification. I5NH4Cl 
was from Cambridge Isotope Labs. All other chemicals were of 
reagent grade or higher. 

Protein preparation 

FKBP was mutated to remove the single cysteine (C22A) by use of 
a mega-primer PCR protocol (Barettino  et al., 1994; M. Li & T.M. 
Logan, unpubl.). Mutant C22A FKBP was overexpressed in Esch- 
erichia coli strain JM109 by use of a di-cistronic vector described 
previously (Pilot-Mathias  et al., 1993). The bacteria were grown in 
LB medium containing 50 mg/L ampicillin and induced with 
1 mM isopropyl thiogalactose (IPTG) at 0.6 OD. Protein expres- 
sion was continued for 8-10 h after induction before harvesting by 
centrifugation. The  cell paste  was  suspended  in  lysis  buffer 
(50 mM Na phosphate, pH 7.4, containing 10 mM EDTA and 
1 mM phenylmethyl sulfonyl fluoride), and broken by passage 
through a French press. Cellular debris was removed by centrifu- 
gation (10,000 rpm for 20 min in a Beckman JA20 rotor) and 
loaded onto a DE52 column (2.5 X 10 cm), pre-equilibrated in 
elution buffer (10 mM HEPES,  pH 7.5).  At this pH, FKBP  is not 
retained on the column and elutes as the first peak (Holzman et al., 
1991). Fractions containing FKBP were pooled, and brought to 
90% saturation with ammonium sulfate. The resulting precipitate 
was pelleted by centrifugation, re-dissolved in 2 mL elution buffer, 
and applied to a gel filtration column (G75,2.5 X 120  cm). FKBP- 
containing fractions were pooled, concentrated using a Centriprep 
10 (Amicon), and further purified by reverse-phase HPLC (C4, 
Vydac) on a Shimadzu HPLC system. The 4.6 mm X 250 mm 
column was developed at a flow rate of 1.0 mL/min with a linear 
gradient (10-80%) of solvent B (acetonitrile containing 0.1% TFA) 
in solvent A (water containing O.l%TFA) in 30 min, with two 
LC-1OAD solvent delivery modules. FKBP eluted at 37% aceto- 
nitrile. C22A uniformly enriched in ''N was isolated as described 
above from bacteria grown in M9 minimal medium containing 4 
gm/L glucose and 1 g/L "NH4CI. 

Hydrogen exchange determined by NMR 

H/D exchange of "N-labeled C22A-FKBP was initiated by rap- 
idly replacing H 2 0  by D20 (10 mM KH2P04/K2HP04) by use of 
a centrifuged Sephadex G-15 gel filtration column. The p2H value 
read directly from the pH meter was pD = 7.07. Two-dimensional 
HSQC  spectra (Stonehouse et  al., 1994) were collected at 16.9 T 
on a Varian Unityplus console with a minimal two-step phase cycle 
(Marion  et al., 1989). The  data were collected as 64 and 1,024 
complex points with sweep widths of 1,650 and 10,000 Hz for I5N 
and 'H, respectively), for a total experiment time of approximately 
8.5 min (for two scans). HSQC spectra were collected continu- 
ously for the first 72 min after initiating exchange, and then the 
experiment time was doubled (by increasing the number of scans) 
and several additional HSQC spectra collected. This process was 
repeated over a period of -50 h. Changes in the signal-to-noise 
ratio due to increased number of scans was taken into account 
when comparing the integrated resonances. Spectra  were pro- 
cessed on Silicon Graphics computers with nmrPipe (Delaglio 
et al., 1995), and analyzed with NMRView (Johnson & Blevins, 
1994). 

Hydrogen exchange determined by mass spectrometly 

H/D exchange of C22A-FKBP was initiated by rapidly replacing 
Hz0 by D20 (0.01 M KH2P04/K2HP04) by  use  of a centrifuging 
Sephadex G-15 gel filtration column (1 X 3 cm).  The p2H reading 
was 7.04. The protein/D20 solution (-100 pM) was incubated at 
25 "C for each of several exchange periods and then combined with 
a fivefold excess of 0.1 M H3P04/KH2P04 buffer, pH 2.4, to 
decrease the pH to 2.4, thereby quenching the exchange reaction. 
The samples were stored at -70°C until analysis. 

To adjust for deuterium gain or loss under quenched conditions, 
we prepared two control samples (Zhang & Smith, 1993). A zero- 
deuteration control was prepared by diluting the protiated protein 
solution directly into a solution so as to make the final solution 
composition the same  as the quenched sample. A full-deuteration 
control was prepared by incubating the protein/D20 solution at 
40 "C for 50 h in 4 M urea. Both control samples were analyzed as 
for the other samples. 

For determination of the global hydrogen exchange behavior 
of C22A-FKBP, each sample was thawed and analyzed by elec- 
trospray FI-ICR mass spectrometry with on-line desalting. For 
determination of the extent of deuterium incorporation into dif- 
ferent segments of the protein primary sequence, deuterated pro- 
tein was thawed and digested for 3 min at 0 "C with pepsin (1 : 1 
substrate:enzyme ratio). Each peptide mixture was then analyzed 
by on-line LC/MS, and the extent and distribution of deuterium 
incorporation was determined from their ESI FT-ICR mass spectra. 

The LC/MS system was constructed from two  Shimadzu LC- 
IOAD pumps. For on-line desalting of protein and peptides, a reverse- 
phase C-8 microbore guard column (15 X 1 mm, Microtech) was 
used, with a total flow rate of 40  pL/min. After sample injection, 
the column was first desalted by washing with aqueous solvent for 
1.5 min, then washed with 60% acetonitrile to elute the proteins or 
peptides. The total analysis period for each sample was -2.5 min. 
For on-line LC/MS separation and analysis of the proteolytic pep- 
tides, a capillary perfusion column (50 X 0.3 mm, LC Packings) was 
used, at a flow rate of 40  pL/min. After sample injection, the col- 
umn was first washed with aqueous solvent for 1 min and the pep- 
tides  were then eluted with a gradient (0-60% acetonitrile  over 
5 min) in which both solvents contained 0.9% formic acid. The per- 
fusion column decreases the separation time and thus reduces deu- 
terium loss during separation. The complete separation period was 
typically less than 4 min. To reduce deuterium back-exchange, both 
columns were immersed in ice water during analysis. Because pro- 
tiated solvents were used for both on-line desalting and HPLC sep- 
aration, all fast-exchanging  hydrogens on the side  chains of the 
protein are washed away. Thus, the deuterium contents measured 
from the mass spectra constitute a direct measure of deuterium in- 
corporated into the peptide backbone amide linkages. 

Mass spectrometric analyses were performed with a homebuilt 
FT-ICR mass spectrometer, with a shielded 9.4 Tesla superconduc- 
tive magnet, and equipped with a homebuilt external electrospray 
interface described elsewhere (Senko et al., 1996). An OdysseyTM 
data system (Finnigan FTMS, Madison, Wisconsin) was used to 
acquire data and process the data into a peak list. The peak list was 
further analyzed with software written by the author to obtain the 
extent of deuterium in the protein or peptides. 

Identification of proteolytic  fragments 

C22A-FKBP was digested with pepsin (-1: 1 substrate:enzyme 
weight ratio) at  pH 2.4 and 0°C  for 3 min, then subjected to 
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FT-ICR MS analysis with on-line desalting. Mass resolving power, 
m/Amsoe, in which Am5os is the mass-domain peak full width at 
half-maximum peak height, was between 50,000  and 120,000, de- 
pending on the peptide mass-to-charge ratio, m/z (Marshall  et  al., 
1979). Identification of some peptides could be achieved from 
their measured molecular weights (the accuracy was usually within 
100 ppm based on external calibration) and the known specificity 
of pepsin (Powers  et al., 1977;  Smith  et al., 1997),  as well as their 
MS/MS spectra generated by infrared multiphoton dissociation 
(IRMPD) with a 40 W continuous-wave COz laser (Little et al., 
1994). Once  these peptides were identified, very accurate (usually 
to within less than IO ppm) molecular weights of other peptides 
could be determined by internal mass calibration based on the 
masses of the identified peptides. Thus, most of the proteolytic 
peptides could be identified by their accurate masses. Some of 
them were further confirmed by IRMPD. A given parent ion was 
isolated selectively by stored-waveform inverse Fourier transform 
(SWIFT) broad-band ejection of ions of all other m/z values (Mar- 
shall et al., 1985; Guan & Marshall, 1996)  and was fragmented by 
infrared irradiation at 30-40 W for 400-1.000 ms. 

Hydrogen exchange rate constant  distribution 
by maximum entropy method 

Different exchangeable hydrogens in the protein or segment of the 
protein generally have different exchange-in rates. Hydrogen ex- 
change behavior for a protein or any one of its segments may thus 
be characterized by a distribution in exchange rate constants. This 
section describes an algorithm for extraction of the rate constant 
distribution by use of MEM. Although the algorithm is used here 
to derive a distribution of hydrogen exchange rate constants, it can 
be used to derive the rate constant distribution for any reaction 
system consisting of several parallel first-order reactions. 

MEM is a statistical method that gives the most-possible solu- 
tion based on the available experimental data and noise. Entropy is 
a measure of amount of uncertainty in a probability distribution. If 
there are no “constraints” for the system (i.e., no information is 
known about the system), then the statistically most probable so- 
lution is that each event has equal probability: namely, a solution 
with maximized entropy (in our case, a “flat” distribution). 

MEM finds the highest-entropy solution subject to the error 
range of the original experimental data. By maximizing entropy, 
MEM gives the most impartial estimate of the probabilities of the 
events, based on the available experimental data, without any other 
assumptions. Thus,  MEM  avoids overinterpreting the data  and 
gives the most unbiased result. Another characteristic of the MEM- 
based result is that it contains the least noise, because random 
noise is minimized in the entropy maximization process. The max- 
imum entropy method described here is similar to that from a 
previous paper that used MEM  to deconvolve the natural isotope 
abundance from a mass spectrum  (Zhang  et al., 1997). 

For a system with N exchangeable hydrogens, hydrogen ex- 
change kinetics may be described as 

N 

D = N - exp(-k,t), 
i= I 

in which D is the number of deuteriums incorporated into the 
protein or one of its segments, k; is the rate constant for deuterium 
incorporation at the ith (of N possible) sites, and t is  the reaction 
period. 

Equation 2 may also be written as 

(3) 

in which k is the rate constant, pidk is the relative abundance of 
hydrogens whose rate constants fall between k and k + dk. pidk 
may also be thought of as the probability that a given hydrogen has 
an exchange rate constant between k and k + dk. Because k usually 
covers a wide range (e.g., many orders of magnitude for protein 
amide hydrogen exchange rate constants), it is convenient to rep- 
resent k on a logarithmic scale. Equation 3 then becomes 

or, more practically, 

k2 

in which pkA log k is the probability that the logarithm of the rate 
constant lies between log k and log k + A log k, or (equivalently) 
the relative abundance of hydrogens whose (logarithmically scaled) 
rate constants range from log k to log k + A log k. k ,  and kZ denote 
the lowest and highest rate constants to be included (usually lim- 
ited by the experimentally accessible range). Let f k  = pkA log k. 
Equation 5 then becomes 

in which fk is the probability that reaction system exhibits (loga- 
rithmically scaled) rate constants between log k and log k + A log k. 

Here, we follow Skilling’s definition of entropy (Skilling & 
Bryan, 1984) 

k2 

s = - k = k l  x fk[ he) - 11, 

in whichfk  is the probability for event k to occur (in this context, 
event k denotes that the logarithm of the rate constant lies between 
log k and  log k + A log k) and A is a user-defined parameter (see 
below). The first derivative of the entropy is 

as 
- = ln(A) - ln(fk). 
afk 

Thus, if all f k  are equal (namely, a flat distribution) with (com- 
mon) magnitude, A, the entropy is at its maximum. Therefore, 
when S is maximized, A is the most probable value of fk when 
no other constraints are available. Here, A is defined as the 
average abundance, i.e., A = NnV,, in which N is the number of 
amide hydrogens and Nk is the number of increments (typically 
50) in rate constant that define the resolution of the rate con- 
stant distribution. In (many) cases for which enough constraints 
are available, value of A is not critical. (Note that the probabil- 
ities are automatically positive because the entropy does not 
exist if any fk value is negative.) 
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Next, we seek to maximize S. As described above, without 
constraints, S is maximized when all fk are equal. That  is  one 
particular distribution with maximal entropy. However, we also 
need to fit the distribution to the experimental data to within ex- 
perimental error. That  is to say, we want to maximize S subject to 
a constraint, C. The most often used constraint is x 2 ,  according to 

in which t is the set of times at which the extent of deuterium 
incorporation is measured. Df"" is the reaction product deuterium 
content at time, t, calculated from Equation 6; DFP is the reaction 
product deuterium content observed experimentally after time, t; 
and ul is the standard deviation of reaction product deuterium 
content at time, t. 

The goal of MEM  is to find a solution that exhibits the maxi- 
mum possible entropy and has a C value within a specified range. 
If the unconstrained maximum entropy solution is the same as the 
constrained solution, then all of the rate constants have the same 
probability, which usually means the data are too noisy to interpret. 
Otherwise, the MEM solution will always lie on the boundary of 
the constraint C (Skilling & Bryan, 1984; Zhang et al., 1997). In 
all cases described in this paper, a 99% confidence level in the x2 
distribution served as the constraint. 

The method most often used to find the maximum, S, subject to 
a constraint starts from a so-called Lagrange multiplier, A (A > 0), 
used to form another function, Q, 

Q = S -  AC. (10) 

One then maximizes Q by varying A until a user-defined C-value 
is found. MEM thus becomes a multidimensional function maxi- 
mization problem. By maximizing Q, we are actually maximizing 
S and minimizing C at the same time. A can be thought of as a 
"weight factor" between the two. A set offk values is obtained by 
maximizing Q, and Pk can be calculated from pk  = & / A  log k. A 
plot of pk  versus logk yields the rate constant distribution pre- 
sented in Results. Note that because D approaches zero as t ap- 
proaches zero, Equation 6 requires that 

That is, for a plot of pk  versus log k, the area under the curve should 
equal the total number of first-order rate constants N (total number 
of amide hydrogens). 

The method of choice for multidimensional maximization de- 
pends on the size and complexity of the problem (Press  et  al., 
1992). The second derivative of Q can be written as 

From Equation 8, we have 

From Equation 9, 

Df"" is calculated from Equation 6:  

aD:'''c 
ah 
" - -exp(-kt). 

Substituting Equation 15 into 14 yields 
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(15) 

dC 2(DFa" - DfXP) - = -2 a !  1 a: 
exp(-kt). (16) 

Taking the derivative of Equation 16, and using Equation 15 again, 
we have 

Substituting Equation 13 and 17 into Equation 12, we obtain the 
second derivative of Q as 

One can see that the second derivative of Q is always negative, 
which means that the function has only one maximum. For the 
present application, there are no local maxima, and the size of the 
data set is relatively small; ergo, simple methods such as Powell's 
method, conjugate gradient method, and the variable metric method 
are suitable (Press  et al., 1992). Most of the results discussed 
below were performed by the variable metric method. 

A program based on the above described methodology was writ- 
ten in ANSI C under LabWindows/CVI (National Instruments, 
Austin, Texas) for Windows. The function maximization routines, 
including Powell's method, conjugate gradient method, and vari- 
able metric method, are from Numerical Recipes in C, the Art oj 
Scientific Computing (Press  et al., 1992). Most MEM processes 
could be completed within 2 s, for the variable metric method 
running on a 200 MHz Pentium Pro computer. The program is 
available from the author. 

In MEM, standard deviations for different time points are needed. 
For deuterium exchange of intact C22A FKBP, the standard devi- 
ations at different time points were obtained from multiple exper- 
iments. For deuterium exchange of different segments of the protein, 
multiple experiments were done  for  one time point, and it was 
found that the standard deviations for different peptides are typi- 
cally about 1% of the total number of amide hydrogens ( N )  in the 
peptide if the MS peaks have reasonable signal-to-noise ratio (i.e., 
mass measurement is not the limiting factor). Thus, 1% of N was 
used as the standard deviation for each of the time points for MEM 
analyses of protein segments. 
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