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Abstract Exchange between protein backbone amide
hydrogen and water gives relevant information about
solvent accessibility and protein secondary structure
stability. NMR spectroscopy provides a convenient
tool to study these dynamic processes with saturation
transfer experiments. Processing of this type of NMR
spectra has traditionally required peak integration
followed by exponential fitting, which can be tedious
with large data sets. We propose here a computer-
aided method that applies inverse Laplace transform in
the exchange rate measurement. With this approach,
the determination of exchange rates can be automated,
and reliable results can be acquired rapidly without a
need for manual processing.

Keywords Exchange-resolved "’N-HSQC - Gifa -
Inverse Laplace transform - Protein backbone amide
hydrogen exchange - Saturation transfer - Ubiquitin

Introduction
Protein is a dynamic entity, which interacts with sur-

rounding media. The most important interaction, that
molds the structure of protein itself, is with the sol-
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vating water molecules. The amide hydrogen exchange
rates of a protein with surrounding water provides
information on the stability of hydrogen bonding,
details about tertiary structure, and protein-ligand
interactions.

NMR spectroscopy is a convenient tool to study
these dynamic processes. Several methods to observe
amide hydrogen exchange have been published.
These include diffusion and exchange line broaden-
ing measurements (Dempsey 2001), and also more
sophisticated methods capable of suppressing possible
NOE/ROE contributions from protons in close
proximity (Hwang et al. 1997). However, possibly the
most straightforward way is to measure saturation
transfer of water magnetization to amide protons. In
this method, water resonance is selectively saturated
with a low-power RF pulse. Saturated water protons
undergo chemical exchange with amide protons,
causing their intensity to decay. The decay rate is
dependent on the exchange rate (k.x) and the lon-
gitudinal relaxation rate of amide proton (R;). The
decay of amide proton magnetization M, can be
expressed with the following equation (Wéjcik et al.
1999)

(1)

MZ(I) =M, |:kex E_Rdt Rl:l

R‘ TR

where ¢ is the duration of the low-power saturation
pulse on water, and Ry is the apparent decay rate
(= Ry + key). According to Eq. 1, when the saturation
pulse duration ¢ is zero, M, equals the steady state
magnetization M,. When ¢ approaches infinity, the
magnetization will not decay to zero, but reaches a
saturated state (Ms,,) instead:
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MZ(OO) :MU&:Msat (2)

As can be seen from Eq. 2, the ratio of Mg, and M,
equals to the ratio of Ry and Ry. Using values Mg,, M
and R4 and we can calculate both R; and ke,:

Ry M

Ra = My =
R _Msal,R

1_M0 d» (3)

feox = (1= %) - Ry

Conventional presaturation of water resonance has
some limitations. With a very short presaturation pulse
the spin populations on energy levels do not even out.
Rather, the presaturation pulse will lead to a nutation
of water magnetization to a fixed angle, and therefore
giving usually a non-saturated spin state. This will cause
non-linear fluctuations to the observed amide proton
signal that undergoes exchange with water protons.
Naturally, a higher presaturation power level can be
used, but at the cost of selectivity. Leijon (1996) has
proposed a convenient way to circumvent this problem.
The modified saturation transfer experiment applies a
selective 90° y-pulse on the water resonance to tilt it to
x-axis. The magnetization is then maintained on the
x-axis using a low-power spin lock with a duration of ¢.
In this approach, the saturation state of water magne-
tization can be achieved rapidly without compromising
selectivity. Furthermore, a field gradient pulse after the
spin lock period will result in an efficient solvent sup-
pression. However, when calculating the exchange
rates, the effect of the selective excitation pulse must be
taken into account. For this experiment, the ratio R{/Ry
can be calculated using Eq. 4 (Leijon 1996):

M

Ri _ w7 (0) AMg, 4)
Ra 14 (AM;p - 1)

where M’,(0) is the amide proton magnetization when
the spin lock duration ¢ is zero, M’y is the amide
proton magnetization when the spin lock duration
t approaches infinity. The term AM’g, is:

n* +2n (Rdlp)eRd[p + S(Rd[p)z
(n2 + 4(Rdtp)2) eRatp

AM], = (%)

where f, is the duration of the selective excitation
pulse. The ratio R;/Rq4 obtained from Eq. 4 can then be

used in Eq. 3 to calculate R; and k..
As exchange processes follow exponential behavior,

apparent decay rates are traditionally extracted using
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mono-exponential curve fitting to the measured NMR
signal intensities. However, exponential decay rates can
also be evaluated using inverse Laplace transform
(ILT), which is widely used in the diffusion spectros-
copy (Johnson Jr 1999). As demonstrated in our pre-
vious study (Koskela et al. 2004) in evaluation of
exponentially decaying relaxation data, the ILT pro-
cessing utilizing Maximum Entropy Method (Delsuc
and Malliavin 1998) offers a simple and robust way to
evaluate exponential decay rates without prior knowl-
edge of possible multi-exponential nature of data. The
time-domain data with exponentially decaying intensi-
ties is transformed with ILT to a rate domain spectrum
where the number of exponent components and decay
rates can be evaluated. ILT is implemented to Gifa
NMR processing software (Pons et al. 1996), where
efficient macro-language gives tools to automate
necessary processing steps, so that the complete eval-
uation of relaxation and exchange rates from NMR
data can be performed with a single command. It
should be noted that the use of ILT-method requires
that intensity data follows exponentially decaying
behavior. Therefore, it is not straightforward to com-
bine ILT analysis and those sophisticated methods
suppressing possible interference from NOE/ROE
effects.

In the proposed exchange-resolved "N-HSQC
experiment (Fig. 1), the saturation transfer period
(Leijon 1996) is followed by amide proton detection
with the sensitivity enhanced "N-HSQC (Palmer III
et al. 1991). In the resulting spectrum, the amide cross
peaks are separated by their 'H and >N chemical shifts
while their intensity decays with respect to the third,
saturation transfer dimension (Fig. 2). The saturation
transfer dimension is then processed with ILT to
measure both R; and k., of each amide proton.

Materials and methods
NMR sample

Amide proton exchange rates were studied from uni-
formly °C,'*N-labeled human ubiquitin (Asla Biotech
Ltd., Cat. Number UB06-nt). The solution contained
50 mM phosphate buffer (pH 6.0) in 10% D,O / 90%
H,O with 0.05% NaNj. The protein concentration was
1 mM in a 5 mm Wilmad 535-PP-7 NMR tube.

NMR experiments

The experiments were carried out using a Varian Unity
Inova 500 NMR spectrometer equipped with a 5 mm
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Fig. 1 Pulse sequence for exchange-resolved > N-HSQC. Nar-
row and wide filled bars denote 90° and 180° pulses, respectively.
The 90° pulse widths were 6.9, 45, and 14.4 us for 'H, >N and
13C, respectively. Unfilled bars denote pulsed field gradients with
1.0 ms duration and following strengths: sg;—sgs = 4.0, 5.0, -15.0,
4.0,4.0 G/cm and g;-g, = 20, 2.02 G/cm. The unfilled half-ellipse
denotes a selective 90° Gaussian excitation pulse (10.5 ms), and
the unfilled rectangle represents a low-power spin lock
(yB; = 111.35 Hz). The carbon channel pulse in the middle of
t, is a hyperbolic secant inversion pulse. Pulses are along x-axis if
not stated otherwise. Phase cycles are: ¢; = {x, —x}, > = {x, x, —x,
-x}, pr = {x, —x, —x, x}. The low-power spin lock pulse in the

}

M'«(0)

saturation transfer step is divided to two pulses with opposite
phase and identical duration. The GARP decoupling (Shaka
et al. 1985) is applied on >N during acquisition; the acquisition
time was 8.5 ms. Delay A is the polarization transfer delay
(5.37 ms), and J corresponds to the total duration of the gradient
pulse and the gradient recovery delay (1.1 ms). The relaxation
time D1 was 1.0 s. The quadrature detection in the F, (°N)
dimension is accomplished with a gradient-based echo-antiecho
selection. The axial peak displacement is achieved with the
States—TPPI method (Marion et al. 1989) by inverting the phases
@1 and @gr on every second increment of #,

F2

F1
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Fig. 2 ILT processing steps for saturation transfer data from
the exchange-resolved >N-HSQC experiment. After 2D FT
for the data matrix on F3,F, dimensions the data matrix
consists of "H,"’N -cross peaks which decay with respect to the
t; dimension (on top left). The f; traces are extracted along
the peak tops of the first 'H,"*N-plane. The first step in the
automated ILT processing is to extract M’,(0) and M’, for
calculation of the ratio Ry/R4q according to Eq. 4. Next, the
data is baseline (offset) corrected; without this step the

z-gradient triple-resonance ('H,"*C,">N) inverse probe
head at 300 K. The spectrometer operating software
was VNMR 6.1C (Varian Inc, Palo Alto, CA, USA).
The exchange-resolved '"N-HSQC spectrum was re-
corded with four scans per increment. The final data
size was 18 x 128 x 683 real points, giving the total

non-zero end-intensity in the decay data would result in an
infinitely slow exchange rate peak in the ILT spectrum. The
third step, inverse Laplace transform, gives a rate domain
spectrum with peak(s) at corresponding Rg4‘s on a logarithmic
scale. If needed, a true 3D spectrum can be formed with 2D
FT-ILT processing (on top right), where peaks are separated
by their 'H,'>N chemical shifts and Ry rates. The results from
the ILT processing are used to calculate R; and k., which are
saved to an output file

acquisition time of 20 h 55 min. The saturation time
points #; ( = ¢, Eq.1) were 0, 0.01, 0.02, 0.03, 0.04, 0.05,
0.06, 0.08, 0.1, 0.12, 0.16, 0.2, 0.4, 0.6, 1.0, 1.5, 2.0 and
3.0 s. Small saturation time increments were applied
for the first saturation time points, and the increment
size was increased gradually to ensure a time-efficient
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and reliable exchange rate determination for amide
protons experiencing exchange with various rates.
Preliminary tests suggested Ry values of no slower than
1.6 s7'. Therefore all amide protons should reach Mg,
intensities with spin lock duration # of 3.0 s. The
experiment was then repeated twice to examine pre-
cision of the method. For a quick confirmation of
"H-N cross peak assignments a HNCA spectrum
(Kay et al. 1990) was also measured.

Processing

The HNCA spectrum was processed in VNMR 6.1C,
and subsequently imported to Sparky 3.110 NMR
assignment software (Goddard and Kneller 2004) on a
Linux workstation. The three exchange-resolved '°N-
HSQC spectra were processed with Gifa 4.4 NMR
processing software (Pons et al. 1996) on a Silicon
Graphics O2 workstation. The data was apodized on
t; and 1, dimensions ("H and '"N) using squared
cosine window function. After 2D Fourier transform
of 'H,'>N dimensions, the final data matrix size was
18 x 256 x 1024 real points. Before evaluation of
exchange rates some prerequisites were performed.
Automatic 2D peak picking was conducted on the
first (1, = 0) "H,">N plane to create a peak list file,
and the noise level was extracted from an area with-
out peaks. A file consisting of a list of #; time point
values was created. According to the values in this #
list, proper Oy, and Omax values for the ILT dimen-
sion were calculated by Gifa program. To determine
the exchange rates automatically, a macro program
was constructed. As an input for the macro program
the duration of the water-selective excitation pulse
used in the saturation transfer step (#,) and the peak
list name were given. The peak list was used to ex-
tract the ¢ traces one at the time for the ILT pro-
cessing (Fig. 2). First, the maximum and minimum
intensities of each peak’s #; trace were used to cal-
culate the M’y ,/M’,(0) ratio. Next, offset-correction
was performed for the data, as without this step the
non-zero end-intensity in the decay data would result
in an infinitely slow exchange rate peak in the ILT
spectrum. ILT with 100 spectral points and 400 iter-
ations was computed for the data. Ry values were
extracted from the rate domain spectrum using
Gaussian lineshape fitting. The M’s,/M’,(0) ratio, Ry
and #, were used to calculate Ry and k., according to
Eq. 3, 4 and 5, and finally the results for each amide
proton were summarized to an output file, that could
be exported to e.g., a spreadsheet software for further
analysis. The total processing time of one spectrum
with the macro program was under three minutes.
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Results and discussion

In order to compare the accuracy of ILT using
Maximum Entropy Method (Delsuc and Malliavin
1998) in evaluation of decay data, the #; trace intensity
values from one exchange-resolved ""N-HSQC spec-
trum of '*C,"*N-labeled human ubiquitin were pro-
cessed also with an exponential fitting. The intensity
values of # traces were imported to MS Excel (Micro-
soft Corporation, Redmond, WA, USA) spreadsheet
software. The data was offset-corrected, and a mono-
exponential curve fitting was performed with MS
Excel’s Solver routine utilizing GRG2 quasi-Newton
non-linear regression algorithm (Lasdon et al. 1978;
Fylstra et al. 1998) to extract Ry’s. The R4 values
obtained from ILT analysis were used to calculate
corresponding decay curves. The quality of Ry’s
extracted with these two methods was tested by com-
paring how well the calculated data from the ILT and
exponential fitting results explained the experimental
data. The average of correlation coefficients (R?) with
the data shows a very good fit, R = 0.995, for both
methods. There is no major systematic deviation, as the
average difference of the ILT results to the exponential
fitting results is 0.7%, however, some differences
between Ry’s obtained with the ILT and exponential
fitting can be observed (Fig. 3). Some of the largest
deviations can be found from cases where the experi-
mental data is difficult to fit if only a mono-exponential
decay is presumed, like with the #; trace from T9 (Fig.
4). While the mono-exponential fitting for the data from
the ¢, trace of T9 gave R4 of 19.40 s\ ILT evaluated the
data to contain two components with Rq’s 24.33 s' and
1.34 s7'; the first of these components being the promi-
nent one (Fig. 4A), and used for subsequent Ry and k.
calculation. A bi-exponential fitting gave also much
better correspondence to the experimental data
compared to a mono-exponential fitting, and with sim-
ilar Ry results as ILT (Table 1). As ILT with Maximum
Entropy Method (Delsuc and Malliavin 1998) does not
need a prior knowledge of possible mono-/bi-/multi-
exponentiality of the intensity decay data it can find the
necessary number of exponential components, thus
giving a good fit without need of manual intervention. If
the deviation of the experimental data from mono-
exponential decay curvature is due to noise, it can be
naturally argued which one of the evaluated Ry’s, the
prominent component from the ILT spectrum or the
mono-exponential fitting result, is the correct one. As
the R values are the same to the third decimal
(Fig 4B), the decision is difficult to tell. On the other
hand, if the data contains true multi-exponential decay,
for example due to partial or complete overlapping of
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Fig. 3 Comparison of Ry
values evaluated with ILT
and exponential fitting with
respect to the residue
number. The unit for Ry is
s7\. The difference is shown as
a percentage deviation of ILT
results from corresponding
exponential fitting results

Fig. 4 Evaluations of #; trace
intensity data along the peak
T9 from one exchange-
resolved "N-HSQC
spectrum. (A) The ILT
spectrum calculated with the
proposed processing method
indicates a bi-exponential
characteristic in the data.

(B) Correlation coefficient
(R?) between the
experimental data and a
mono-exponential fitting
(ExpFit) curve is lower than
between the experimental
data and the calculated bi-
exponential decay curve
which uses both decay rate
(Ry) values evaluated from
the ILT analysis (1.+ 2.
component). The calculated
mono-exponential decay
curve that uses the prominent
component of ILT analysis
(1. component) shows a little
faster decay rate compared
to exponential fitting (ExpFit)
decay curve while correlation
coefficients to the
experimental data

are identical

peaks, ILT can readily pinpoint this if the difference of
decay rates is three-fold or larger (Jerschow and Miiller

1998).

Acquisition of 18 experimental saturation transfer
points for the exchange-resolved '"’N-HSQC spectrum
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requires a rather long, almost a full day of measure-
ment time. Therefore, the reduction of the number of

saturation time points to keep the total acquisition

time of the spectrum moderate was also investigated.
Total of eight points (¢, = 0, 0.02, 0.05, 0.08, 0.16, 0.4,

@ Springer



318

J Biomol NMR (2007) 37:313-320

Table 1 Decay rate evaluation results (Ry) from the #; trace of T9 with ILT, mono-exponential, and bi-exponential fitting, and the
correlation coefficients (R?) between the fitted curves and the experimental data

Method R4 (1. comp) Ry (2. comp) R?

ILT 24.33 1.34 0.995
ExpFit, mono-exponential 19.40 - 0.987
ExpFit, bi-exponential 26.15 1.45 0.998

Both exponential fittings were performed using a MS Excel’s Solver routine utilizing GRG2 quasi-Newton non-linear regression
algorithm. The first component is the more prominent of the two Ry’s evaluated with ILT and bi-exponential fitting

1.5 and 3) from the original dataset were used for both
ILT and exponential fitting. Using only eight saturation
time points the total acquisition time would have
reduced to less than 10 h. Correlation coefficients are
again very good between experimental and calculated
data, while exponential fitting shows a little better
result (Average of R”’s were 0.995 and 0.994 for the
exponential fitting and ILT, respectively). Average
difference of the ILT results with respect to the
exponential fitting is —3.0%, demonstrating a slight
overall decrease in the ILT results. This systematic
decrease of values is also evident when the ILT results
calculated from eight points are compared to the ILT
results from 18 experimental data points. The average
difference is —-2.9%, while the exponential fitting
results with 8 experimental data points have an average
difference of only 0.5% with respect to the exponential
fitting results with 18 experimental data points. This is
still a relatively small deviation, and can be in most
cases accepted for practical purposes. Naturally, the
acquisition parameters can be further revised, if the
short total acquisition time is more important than
the absolute accuracy of exchange rates, like in protein-
ligand interaction screening where relative changes of
amide proton exchange rates are the main interest.

The proposed ILT processing scheme uses M’/
M’,(0) ratios in calculation of R; and k., values.
Therefore, it relies on the assumption that the duration
of the last #; delay is sufficiently long to give M’q,
intensity for all peaks. If this is not the case, the esti-
mated Mg, will be too large. This may lead to a sys-
tematic error in calculation of the k., values. In order
to trace possible systematic errors in the processing
scheme, the ¢, trace intensity values from the exchange-
resolved '"N-HSQC spectra were analyzed also with
full parameterization. The trace intensity values follow
the equation (Leijon 1996):

k —Rgt, @
MZ([) = M(] @ngdtl’ +u e*Rdt _|_&
Ka Ryl 1+—2 Ra
d 4(R,1tp)2
(6)
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The equation describes the decay of single peak, and
takes into account the effect of the water-selective
excitation pulse. The fitting of the Eq. 6 to the exper-
imental data with respect to My, k.x and R; (while
R4 = Ry + kex) was done using Levenberg-Marquardt
algorithm. This was performed in MS Excel software
utilizing an add-on optimization software (Volpi 2006;
Garcia and Volpi 2006). The obtained k., values were
then compared to the k.. values evaluated with the
ILT processing. Fig. 5 shows that values from the ILT
processing agree well with the Levenberg—Marquardt
fitting results. The average difference of the ILT pro-
cessing results to the Levenberg—Marquardt fitting
results was 0.9 %, and does not indicate any major
systematic deviation. The largest deviation is again
observed for the residue T9, where the experimental
data, based on the ILT analysis, showed distinct
bi-exponential characteristics (see previous sections).
Naturally, it is clear, that great care should be applied
when choosing the duration for the last #; value (the
longest saturation duration), as the selected value that
has to satisfy the M’g,, condition for all peaks. For
small to medium sized proteins the last #; value of 3-5 s

should be sufficient.
The wealth of information obtainable from amide

proton exchange rate data is clearly visible in Fig. 5.
The amide proton exchange measurements can provide
information on flexibility, solvent accessibility, as well
as the secondary structure of proteins. As can be seen
in Fig. 5, the amide protons in well-defined secondary
structures, like a-helices and f-sheets, have low
exchange rates due to hydrogen bonding. The highest
rate values are observed for those amide protons that
are exposed to water, like in turns and bends situated
on the exterior of the tertiary structure. Correspond-
ingly, if the tertiary structure of the protein hinders the
exposure of residues, and offers additional possibilities
for inter- or intramolecular hydrogen bonding, the
amide proton exchange rates decrease. In cases where
backbone hydrogen bonding has a crucial role in ligand
binding (Nakamura et al. 2006) exchange rate analysis
has potential to offer more detailed information about
protein-ligand interaction.
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Fig. 5 Comparison of exchange rate (key) results by the ILT
processing and the Levenberg—Marquardt fitting from the
exchange-resolved ISN-HSQC data of *C,'*N-labeled ubiquitin.
The exchange rates evaluated with the ILT processing are
average values from the analysis of three separate spectra, and
are plotted with error bars (standard deviation) as a function of
the residue number. The exchange rates evaluated with the

Conclusions

We have demonstrated here the potential of the ILT
approach in measurement of amide proton exchange
rates. It is a simple and robust method which does not
require prior knowledge of the exchange times, nor
laborious ‘2D integration-fitting”” procedures. The
ILT processing can be readily automated, thus offering
a fast computer-aided tool to evaluate e.g., protein-
ligand interactions. This gives an advance in cases
where a large number of samples are under study.
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