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Estimating Protein-Ligand Binding Affinity using High-
Throughput Screening by NMR

Matthew D. Shortridge, David S. Hage, Gerard S. Harbison, and Robert Powers”
Department of Chemistry, University of Nebraska, Lincoln, NE 68588

Abstract

Many of today’s drug discovery programs utilize high-throughput screening methods that rely on
quick evaluations of protein activity to rank potential chemical leads. By monitoring biologically
relevant protein-ligand interactions, NMR can provide a means to validate these discovery leads and
to optimize the drug discovery process. NMR-based screens typically use a change in chemical shift
or linewidth to detect a protein-ligand interaction. However, the relatively low throughput of current
NMR screens and their high demand on sample requirements generally makes it impractical to collect
complete binding curves to measure the affinity for each compound in a large and diverse chemical
library. As a result, NMR ligand screens are typically limited to identifying candidates that bind to
a protein and do not give any estimate of the binding affinity. To address this issue, a methodology
has been developed to rank binding affinities for ligands based on NMR-based screens that use

1D 'H NMR line-broadening experiments. This method was demonstrated by using it to estimate
the dissociation equilibrium constants for twelve ligands with the protein human serum albumin
(HSA). The results were found to give good agreement with previous affinities that have been
reported for these same ligands with HSA.

INTRODUCTION

Over the last decade, nuclear magnetic resonance (NMR) spectroscopy has evolved as an
important tool for drug discovery.1 Current NMR screening methods complement structural
biology efforts by validating chemical leads from high-throughput screening (HTS) prior to
initiating a structure-based drug design program.z_ The first NMR screening methods, such
as SAR by NMR,* RAMPED-UP NMR,8 and NMR-SOLVE,? were developed to identify
ligands that bind a therapeutic target in a biologically-relevant manner by observing chemical
shift changes in two-dimensional (2D) 'H-1>N HSQC spectra. However, these methods tend
to be resource-intensive. Also, their relatively low throughput makes it impractical to use these
methods for collecting complete binding curves that allow binding affinities (often represented
by the dissociation equilibrium constant, Kp) to be measured as an integral component of an
NMR screen. To overcome these issues, recent methods such as MS/N MR10 and multi-step
NMR screen! | have applied a tiered approach to screening that joins complementary
techniques to increase throughput and minimize resource usage. For instance, the multi-step
NMR screen combines one-dimensional (1D) 'H NMR line-broadening experiments and

2D 'H-15N HSQC chemical shift perturbation experiments to identify drug discovery leads
from a biologically-relevant, small-molecule libralry.1

Ligand-focused 1D NMR methods are well suited to identify hits from large chemical libraries
because they favor weak-affinity ligands (i.e., ligands with Kp values in the range of pM-mM),
decrease data-collection time, and reduce overall sample requirements.’ In addition, with the
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advent of sample changers and flow-probes, ligand-focused 1D NMR experiments can be
readily adapted to automation to give a corresponding increase in throughput.7’ 13-17
number of fast, ligand-focused 1D NMR experiments exist that exploit differences in relaxation
rates, diffusion rates, saturation transfers, or NOE transfers to identify protein-ligand
complexes.3 181 general, a binding event is identified by using a change in linewidth or
chemical shift in the free ligand 1D-"H NMR spectrum upon the addition of a protein. However,
using these measurements to determine the dissociation equilibrium constant for a protein-
ligand complex as part of an NMR screen is still a challenging task.19-25

Similar to traditional measurements,20 NMR methods rely on the collection of multiple data
points to accurately determine a dissociation equilibrium constant or binding affinity for a
protein-ligand interaction.” This approach is usually impractical in a high—throughput mode
that requires a rapid method for characterizing and ranking binding affinities. Examples of
single-point Kp measurements usingle NMR experiments have recently been described that
use 9F-containin ds21. 2 i -affinity inhibi
g compounds or the displacement of known low-affinity inhibitors.

4,26 Unfortunately, these approaches are typically limited in practice because known low-
affinity inhibitors or a large library of “drug-like” and structurally diverse °F-containing
compounds are not available for a wide range of protein targets.

This report discusses a new NMR screening method that can be used to determine the relative
ranking of bindin% affinities using a variation of traditional 1D "H NMR line-broadening
experiments.27’ 28 This approach correlates the ratio of NMR peak height for free and bound
ligands to the fraction of bound ligand in a protein-ligand complex. This method is illustrated
by using human serum albumin (HSA) as a model protein, which is an important secondary
target for efficacy screening and a well-established system for monitoring protein-ligand
interactions.

Binding interactions between a large protein (MW > 5000 Da) and a low molecular weight
ligand (MW < 500 Da) can be examined by using the decrease in NMR peak height that occurs
upon the addition of a protein to a solution with constant ligand concentration. NMR line-
broadening experiments follow an opposite protocol from typical experiments that measure
Kp values, where ligands are added to solutions that contain a constant protein concentration.
Thus, a different form for the standard Langmuir binding isotherm is required in the former
type of study. If it is assumed that a protein (P) has a 1:1 binding with a ligand (L), the
dissociation equilibrium constant for this interaction can be represented by the following
equation

_LLIP,
" [PL] 1)

where [P]r is the concentration of the free protein at equilibrium, [L] is the corresponding
concentration of the free ligand, and [PL] is the concentration of the resulting protein-ligand
complex.

Rearrangement of eq 1 produces the following binding isotherm, in which fg represents the
“fractional occupancy”, or the fraction of bound ligand.
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It is assumed in many types of binding studies that the total ligand concentration [L]t is
approximately equal to the free ligand concentration; however, this assumption is not
applicable to the NMR line-broadening experiments used in this study because [L]t is not
necessarily in excess of the maximum complex concentration [PL]. Also, a direct measurement
of the free protein concentration is not possible for the method described in this report.
Therefore, eq 3 was derived to describe this situation in terms of the total protein concentration
[P]T and total ligand concentration [L]t that are known to be present in the system (see
Appendix for derivation).

[PL] ]
BT - 2K
(L, 14 > ?
(IPL~[L1,—Kp) 1+ \(1PL —TLL +K ) P44K L

f

(3)

Eq 3 can be simplified to approximate the fractional occupancy in terms of the total ligand
concentration [L]T and total protein concentration [P]T by using a Taylor series expansion and
the assumption that [L]t > [P]r.

. _[PL] [P,
" [L], (ILL+K;) (4)

The fractional occupancy for a protein-ligand complex can be measured using a ratio of NMR
peak height (1-Ig/Ig), where Ig is the sum of ligand NMR peak heights in the presence of the
protein and Ig is the sum of NMR peak heights for the free ligand. Therefore, B (the NMR peak
height ratio) represents an easily measurable response of ligand binding that can be described
in terms of the fraction of bound ligand (fg) and the NMR-linewidth for the free (vg) and bound
(vp) states (see Appendix for derivation).

1

B
I, W _
[ 1+, G~ 1) "

Combining eq 4 and eq 5 leads to a new binding isotherm for this system, as shown below,

I 1 v,
B=1-2=1- ———— wherec=-2 -
) L+ P, v
[l,]|_+K” (6)

The unit-less NMR-linewidth ratio constant (c), as defined in eq 6, accounts for the proportional
change in ligand linewidth upon binding of a ligand to a protein. Once a ligand is bound, the
free ligand linewidth (vg) of a ligand resonance adopts the linewidth of the protein (vg) and
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the increase in linewidth produces a corresponding decrease in peak height measured by the
ratio of NMR peak height (B).

The dissociation equilibrium constant for a protein-ligand complex that is calculated using eq
6 is based on relative changes in NMR peak height by fitting the given binding isotherm to a
complete protein titration curve. This is impractical in the context of an NMR high-throughput
screen where only a single titration point is measured. However, eq 6 can be rearranged to
solve for Kp to yield an estimate for Kp that is based on [P]r, [L]t, ¢ and Byjygle, Where
Byingle is the fractional occupancy at a single protein concentration. The resulting expression
is shown in eq 7.

K.=

D

c[P],
— —c[P] |- [L],
Bgingle (7)

For proteins such as HSA that possess multiple non-specific binding sites, the decrease in
ligand signal at a relatively high protein concentration will be an average of specific and non-
specific binding. To correct for this effect, the non-specific binding term n[P] that corresponds
to a linear increase in fraction bound with the addition of protein is simply added to eq 6, as
shown in eq 8.

EXPERIMENTAL SECTION

Materials

Apparatus

The HSA (essentially fatty acid free, > 96% pure), choline bromide (~ 99% pure), clofibrate,
furosemide, phenol red, phenylbutazone, phenytoin (~ 99% pure), sodium salicylate,
tolbutamide, uridine 5’-monophosphate (98—100% pure) and warfarin (> 98% pure) were
purchased from Sigma (St. Louis, MO). The bromophenol blue (ACS reagent grade, 95% pure),
bromocresol green (ACS reagent grade, 95% pure), and ibuprofen were from Sigma-Aldrich
(Milwaukee, WI). The dimethyl sulfoxide-dg (99.9% D), deuterium oxide (99.9 atom% D) and
naproxen (98% pure) were obtained from Aldrich (Milwaukee, WI). The 3-(trimethylsilyl)
propionic-2,2,3,3-d4 acid sodium salt (98% D) was purchased from Cambridge Isotope
(Andover, MA). The potassium phosphate dibasic salt (anhydrous, 99.1% pure) and monobasic
salt (crystal, 99.8% pure) were purchased from Mallinckrodt (Phillipsburg, NJ).

All NMR spectra were collected on a Bruker 500 MHz Avance spectrometer (Billerica, MA)
equipped with a triple-resonance, Z-axis gradient cryoprobe and using a Bruker BACS-120
sample changer and IconNMR software for automated data collection. Spectra were collected
at 298 K using 512 transients, a sweep-width of 6009 Hz, 16 K data points and a relaxation
delay of 2.0 s. The residual HDO resonance signal was suppressed with pre-saturation. The
total experiment time, including sample changing for each spectrum, was approximately 33
min.

J Comb Chem. Author manuscript; available in PMC 2009 November 1.
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Sample Preparation

All small-molecule ligands that were used in this study were selected based on their previously
reported Kp values for HSA and their good solubility in an aqueous solution.2® The small-
molecule ligand samples were individually prepared in 10 mL stock solutions that contained
20 uM ligand, 1% (v/v) dimethyl sulfoxide-dg (DMSO-dg), 10 uM 3-(trimethylsilyl)
propionic-2,2,3,3-d4 acid sodium salt (TSP) and pH 7.0 (uncorrected) 50 mM potassium
phosphate buffer prepared in deuterium oxide.

A series of ten HSA stock solutions were prepared in deuterium oxide by making serial dilutions
from a 200 uM master solution of HSA in deuterium oxide. The final concentrations of HSA
in these stock solutions ranged from O pM to 200 M and were prepared so that a 10 pLL addition
of the HSA stock solution to 490 uL of a free ligand solution resulted in final concentrations
of O uM, 0.1 uM, 0.2 uM, 0.4 uM, 0.6 uM, 0.8 pM, 1 puM, 2 uM, 3 uM, and 4 uM HSA,
respectively. These mixtures were prepared individually for each ligand in 1.5 mL
microcentrifuge tubes and then transferred to NMR tubes. The sample for each titration that
contained 0 pM HSA was used as the reference for calculating the free ligand intensities (Ig)
and free ligand linewidths (vg). All binding studies performed with these solutions were
conducted at 25°C.

1D H NMR Binding Curves

Spectra were processed with the ACD/1D NMR manager (Advanced Chemistry Development,
Inc., Toronto, Ontario). A linear prediction algorithm was applied to the FID in the forward
direction and the resulting FID was Fourier transformed. The NMR spectrum was phase-
adjusted and baseline-corrected. The residual water signal was removed for clarity using the
solvent removal function in ACD. This function simply sets the spectrum’s baseline to zero
around the residual water signal. All ligand resonance peaks were visually selected and peak
positions were measured relative to a TSP reference set to 0.0 ppm. Peak height were measured
relative to the DMSO-dg peak at 2.69 ppm that was normalized to an height of 1.00. The DMSO-
dg peak was completely recovered during the 1D 'H NMR experiment using a 2.0 s recycle
delay, which is >3x the T1 for DMSO in D20 at 299K (0.3-0.5 s).30: 31 Individual peak
heights in the aromatic region for each ligand were summed to obtain the free (Ig) and bound
(Ig) heights at each titration point. The peak-height ratios were plotted versus total protein
concentration and fit to eq 8 using the program KaleidaGraph version 3.52 for Windows
(Synergy Software., Reading, PA) to estimate the Ky, value for each protein-ligand complex.
The average NMR-linewidth ratio (c) for each ligand was estimated by using eq 6, where vg
was taken to be approximately 94.2 Hz using a previously measured correlation time for HSA
of 41 ns.32 The value for vg was calculated as described in the next section. The fit of each
binding curve was constrained so that Kp > 0 in these studies.

Measuring a Free Ligand NMR-linewidth (vg)

To measure the free ligand linewidth (vg) for use in eq 6, the NMR spectrum for each free
ligand (i.e., as obtained in a solution containing no HSA) was processed as described above to
avoid any distortion in linewidth resulting from processing. NMR peak linewidths were
measured using the ACD/1D NMR manager peak fitting routine. The average peak linewidth
was used to report vg for each ligand and to calculate the NMR-linewidth ratio.

Simulated High-Throughput Screening by NMR

To simulate the outcome of an NMR high-throughput screening assay, a single protein
concentration [P]t from the full titration curve was used. On average, the 0.2 uM HSA titration
point yielded a large response for all 12 ligands without reaching saturation. The static total
ligand concentration [L]t was 20 uM. A simulated response curve was generated by fitting a

J Comb Chem. Author manuscript; available in PMC 2009 November 1.



1duosnuey Joyiny vd-HIN 1duosnuey Joyiny vd-HIN

1duosnuepy Joyiny Vd-HIN

Shortridge et al.

Page 6

range of Kp values to a range of ideal Bgjng)e values calculated using eq 7. The measured
Bgingle value for each ligand at the 0.2 pM HSA titration point was used to calculate a single-
point binding constant from eq 7 and compared to the simulated response curve. This simulated
experiment used both the individual ¢ values calculated for each ligand from the full titration
experiment and an average c value calculated from the 12 NMR titration curves. The single-
point dissociation equilibrium constant for each ligand was calculated using this average ¢
value.

RESULTS AND DISCUSSION

Measuring Kp from 1D TH NMR Line-Broadening Experiments

The development of NMR-based screening assays that monitor changes in chemical shifts or
linewidth as a means to identify or verify initial chemical leads has evolved to become an
increasingly important component of drug discovery efforts in the biotechnology and
pharmaceutical industry. 3,34 Nevertheless, the direct measurement of a binding affinity from
ahigh-throughput NMR screen is generally lacking.2 1-25 A decrease in the height of aligand’s
NMR signal in the presence of a protein is commonly used in NMR-based screens to monitor
the formation of a protein-ligand complex. 1D 'H NMR spectra of small-molecules (MW <
500 Da) usually have extremely sharp peaks due to slow dipole-dipole relaxation (Tz).3
Binding to a high molecular weight agent like a protein induces peak broadening and a
corresponding decrease in the ligand’s NMR signal height because the bound ligand now
experiences the shorter relaxation time of the protein. This effect is illustrated in Figure 1 using
binding by the protein HSA to the drugs phenytoin and naproxen as examples.

The observed increase in ligand linewidth in such an experiment will depend on a number of
factors that include the dissociation equilibrium constant for the protein-ligand interaction,
Kp. In general, the observed change in the ligand’s linewidth (v,,) for the fast exchange limit
will follow the result shown below.

Vons =V, +f,(v. —v.) where f [P,
s =V, Ji o A r—_—
o I B\'B I B | LT |+Kn 9)

In eq 9, fg is the fraction of the bound protein-ligand complex, v is the free ligand NMR-
linewidth, and vg is the linewidth for the bound state of the ligand (see the Appendix for an
explanation regarding the above expression for fg). Eq 9 shows that an increase in the observed
ligand linewidth will be related to the free and bound ligand linewidths and the value of Kp
for the protein-ligand complex. If it is assumed that the linewidth of the protein-ligand complex
is significantly larger than that for the free ligand, the ratio of the ligand linewidth in the
presence and absence of the protein should represent the remaining free ligand concentration,
as indicated by eq 6.

This relationship assumes that there is a lack of any significant contribution of chemical or
dynamic exchange to the observed change in linewidth. This is a reasonable assumption in the
context of a high-throughput NMR screen against a single protein target. First, initial chemical
leads tend to be weak binders in the fast exchange regime, where the linewidth change of the
ligand will be dominated by the linewidth of the protein. Second, biologically relevant binders
will interact with the same or similar binding sites on the protein. Under these circumstances,
the ligand may experience a relatively constant contribution of chemical and dynamical line-
broadening. Thus, the minimal contribution of linewidth from exchange processes should not
affect the relative ranking of the ligand binding affinities that are obtained when using such an
experimental approach.

J Comb Chem. Author manuscript; available in PMC 2009 November 1.
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The validity of this method for high-throughput screening by NMR was examined by using
twelve ligands with previously determined binding affinities to HSA.29: 35-38 These ligands
were used to examine the relationship between the estimated values for Kp and the relative
ratios of the NMR Peak height. Samples containing 20 uM of any given ligand were titrated
with solutions that contained 0 to 4 uM of HSA to develop full binding curves for each of the
twelve ligands. As a control, two suspected non-binding ligands (i.e., choline bromide and
uridine-5"-monophosphate) were also screened in the presence of HSA with no observable
decrease in signal (data not shown). The Kp values that were obtained by this method (see
Table 1) were experimentally determined by directly fitting the resulting binding curve of each
ligand to eq 8. These fits gave a sum of residuals squared that ranged between 0.977 and 0.998
over the ten concentrations of HSA that were tested. Figure 2 shows the results that were
obtained for three of the tested ligands, which have previously reported dissociation
equilibrium constants that ranged from 0.7 to 36.8 pM. These figures and the corresponding
fits illustrate the ability of this approach to be used with ligands that have weak-to-moderate
strength binding to proteins such as HSA.

Co-variance of Kp and the NMR-linewidth Ratio (c)

Ideally, the dissociation equilibrium constant (Kp) and the NMR-linewidth ratio (c) could be
simultaneously derived by fitting eq 6 to the experimental NMR binding curves. Unfortunately,
Kp and c are completely covariant. This requires an approximation for c in order to calculate
Kp from the NMR binding curves. The linewidth of a protein (vp) may provide a lower estimate
of vg if it is assumed that vg is dominated by the protein linewidth (vp). Estimations of vp can
be made from the correlation time (t.) of the protein by using the intramolecular dipole-dipole
relaxation rate constant (Tz_l).

3,
Tg_':%b‘[3](0)+5J(c9{;)+2l{2w., )} 10

where

2
Ho fry Tc
b=— 222 ju=—"  andwy=—yB
an Y 1+w?t,2 “o B0 (11)

In these equations, J(®) is the normalized spectral density function, L, is the vacuum
permeability, y is the magnetogyric ratio, o is frequency (rad s™1), 7 is Plank’s Constant, B
is the static magnetic field strength and r is the hydrodynamic radius of the protein. In addition,
the Stokes-Einstein equation can be used to relate 1. to the molecular weight (MW) for a
globular protein,40

drpnr? . MW
Te= AT with, 7. = p *

2400 "™ (12)

where T is the temperature, k is the Boltzmann constant, 1 is the viscosity of the solvent, r is
the radius and p is the shape constant.

The reliability of eq 12 to approximate a protein correlation time from its molecular weight is
illustrated from a comparison between 27 experimental 1. values 41,42 4nd correlation times
predicted using eq 12 (figure 3A). A linear best-fit was obtained with an R2 of 0.81 in this case.

J Comb Chem. Author manuscript; available in PMC 2009 November 1.
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For a high-throughput screen, v}, can be estimated from the molecular weight of a protein by
using this approximation for t. with a shape constant of 1.32 combined with eq 10 and 11. The
shape constant was determined by optimizing a linear fit between the experimental and
predicted t. values shown in Figure 3A by varying p. The result is an approximate correlation
between vp and MWp, as shown in eq 13.

v,=1.26 « MW, (13)

This dependency of linewidth on the size and shape of a protein is plotted in Figure 3B. For
HSA (MW, 66 kDa), the correlation time (41 ns) has previously been measured using time-
resolved fluorescence.32 This correlation time was used to calculate the value used for vp,
which was 94.2 Hz.

The free ligand linewidth (vg) can be measured directly from the NMR spectra of the free ligand
using an average ligand linewidth. Average vg values measured from the free ligand NMR
spectra are reported in Table 1. However, for large and diverse chemical libraries it may not
be feasible to measure an accurate linewidth for each compound. Alternatively, vg is generally
between 1 and 2 Hz for many small-molecules (MW, 500 < Da), which provides a reasonable
estimate for vg to calculate an average value for c.

Sensitivity of Kp and NMR-linewidth Ratio (c)

A closer examination of eq 6 indicates that the NMR-linewidth ratio (c) acts as a scaling factor
in the calculation of Kp, with a larger c value resulting in a proportionally larger Kp value.
Unfortunately, small variations or errors in the measurement of vg will result in proportionally
larger variations in both ¢ and Kp. In the context of high-throughput screening by NMR, an
incorrect estimate of ¢ will result in a systematic underestimation or overestimation of Kp.
However, the relative ranking of the ligand binding affinities will be maintained. In addition,
a lower limit to c is inherently defined by eq 6.

Comparison of Estimated Kp Values with Literature Values

Table 1 shows the dissociation equilibrium constants that were measured for twelve ligands
known to bind HSA by using the 1D "H NMR line-broadening method that is described in this
resport. Previously reported Kpy values from the literature are also listed for these twelve ligands.
35-37,43-67 general, there is good agreement between the K values that were estimated
by NMR and those values reported in the literature. Variations in temperature, pH or buffer
conditions may partly explain the range of Kp values observed in the literature. There may
have also been differences in the fatty acid content of the HSA preparations, which can affect
the reported Kp values. Thus, 1D 'H NMR line-broadening measurements appear to provide
reliable preliminary estimates for binding affinities as part of a high-throughput screening
assay.

One limitation of the model that was used for this analysis is the assumption of only a single
site interaction between the ligand and protein. There are many cases for which multisite
binding or other effects (e. g., allosteric interactions) are present that give rise to more complex
binding models.3: 29:35.39 Multisite binding also contributes to the relatively large range of
Kp values reported in the literature for HSA ligands. In these situations, the Kp values listed
in Table 1 (for both the NMR and literature results) should be regarded as weighted averages
and as measures of the global affinity for a particular ligand with HSA. This averaging effect
may be more pronounced for the NMR method than for other techniques because of the
practical limit in ligand concentration that could be used to provide a measurable signal. There
is also a practical limit to the number of concentrations and data points that could be sampled
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to give a binding curve. This effect may explain why the NMR-derived Kp, values tend to be
lower than the literature values, because the use of higher concentrations for the NMR studies
would give a higher weight and likelihood to the detection of weaker interactions between the
ligand and protein.

A number of other practical limitations also need to be considered in the use of NMR for these
binding studies. For instance, the NMR resonances that are specifically involved with protein
binding have been shown to exhibit the most dramatic changes in linewidth.2”7> 28 Therefore,
there are inherent errors caused by summing all peak height and selectively excluding ligand
peaks due to an overlap with buffer and protein resonances. In addition, errors in the
measurement of peak height might arise at lower ligand concentrations due to the difficulty of
accurately identifying and selecting peaks under these conditions. The result could be either a
low or high estimate for Kp, depending on the disparity in linewidth changes and on which
peaks are excluded. Using overlapping peaks would introduce an alternative error because the
observed height is the sum of multiple peaks that cannot be easily de-convoluted. Also, the
analysis of hundreds to thousands of NMR spectra in a high-throughput screening assay
precludes a manual inspection to selectively determine which peaks to include or exclude.

Estimating Kp based on Single-point 1D TH NMR Line-Broadening Measurements

Since NMR-based screens are a common component of the drug discovery process in the
pharmaceutical industry, single-point estimates of ligand binding affinities could be an
extremely valuable tool to initially rank and prioritize chemical leads. During the iterative drug
optimization process, it is typical to focus on a small set (i.e., 3—5 compounds) of structurally
distinct chemical classes that are amenable to synthetic modification and that exhibit drug-like
characteristics.%8 For this work, an NMR screen could be used to verify the presence of a
specific and biologically-relevant interaction involving a protein target and to rank the relative
binding affinity of the screened ligands to simplify the selection of promising lead compounds.
This approach was illustrated in this study by simulating NMR high-throughput screening
results for the twelve compounds that were used in the previous binding study.

First, using an average c value of 45.7 +11.6 and an HSA concentration of 0.2 uM, single point
Kp values were calculated for a range of Bgjngle values using eq 7. The result of this calculation
are shown in Figure 4. Superimposed on the single point curve in Figure 4A are the Kp values
reported in Table 1 plotted versus the experimental B values at 0.2 pM HSA. Superimposed
on the single point curve in Figure 4B are the Kp values from Table 1, where the corresponding
c values were used to determine a best-fit to eq 8. This represents the typical protocol that
would be used in a high-throughput screen and shows that an average value of c is acceptable
for use when individual estimates of ¢ may not be practical. A comparison of Figure 4B with
the theoretical curve based on eq 7 indicates that the single-point method can provide a
reasonable approximation for Kp

For the twelve compounds that were considered in Figure 4B, all compounds gave single-point
estimates that agreed within a range of one standard deviation over the range of binding
affinities and concentrations that were tested. All twelve compounds had experimental and
single-point estimates for Kp that agreed within two standard deviations. A higher deviation
was observed in Figure 4A for ligands with higher Kp values. This occurs because of
differences between the individual ¢ values and the average c values. Also, eq 8 is more
sensitive to small changes in c at these high Kp values. This occurs because, at high Kp values,
vanishingly small differences in NMR intensities correspond to large differences in Kp. In
other words, this method is reaching a practical limit of detection since Kp rapidly approaches
infinity as NMR peak height changes approach zero.
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The relative ranking of the Kp values were also the same for results that were obtained by the
single-point calculations or the full titration method. These results indicate that the single-point
method can, at least in cases such as these, provide a preliminary estimate of Kp values and
binding affinities that can be used in the context of a high-throughput screening assay. At a
minimum, the relative changes in linewidth provide a rapid and efficient mechanism to
prioritize NMR screening leads for further evaluation. However, it is still recommended that
a more robust approach for measuring binding affinities for promising leads follow the NMR
ligand affinity screen. This precaution follows, in part, from the fact that the accuracy of the
Kp values that are measured from the single-point "H NMR line-broadening experiments will
be strongly dependent on having a reasonable estimate for the value of NMR-linewidth ratio
(c) in such a study.

CONCLUSIONS

High-throughput NMR screening methods are commonly used to determine protein-ligand
binding interactions. A methodology to estimate binding affinities and rank chemical leads
from 1D "H NMR line-broadening experiments was described in this report. A new equation
was derived that allowed a dissociation equilibrium constant for protein-ligand binding to be
determined from a single-point NMR peak height change. This approach assumes a single
binding-site interaction that is in the NMR fast-exchange regime with uniform changes in
compound linewidths. These are reasonable assumptions during the initial stages of a drug
discovery effort, where typical lead compounds will have weak pM-mM dissociation constants.
The technique was demonstrated by measuring dissociation equilibrium constants for twelve
compounds that bind to HSA. Although this approach does have a number of practical
limitations that must be considered, a reasonable correlation was observed between the binding
affinities that were estimated by NMR and previously reported literature values for the tested
compounds. Such information should be quite useful if the intent is to use the 1D "H NMR
line-broadening method as part of high-throughput screening to rank the binding affinities for
ligands to a given protein. For instance, this approach could be used to prioritize chemical leads
during a drug discovery process before these leads undergo further evaluation by secondary
assays that can provide a more robust measurement of dissociation equilibrium constants. This
technique is also a general approach that can be applied to various systems for high-throughput
screening.
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GLOSSARY

L

small-molecule ligand
[Llr

total ligand concentration
[Llr

free ligand concentration
P

protein target
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[Plt

[Plp

[PL]

Bsingle

VF

VB

vp

Vobs
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total protein concentration

free protein concentration

protein-ligand complex concentration

NMR peak height of bound ligand

NMR peak height of free ligand

dissociation equilibrium constant for a protein-ligand complex
NMR-linewidth ratio constant

NMR signal response dependent on fraction of bound ligand

NMR signal response dependent on fraction of bound ligand at a single [P] and
(Llr

linewidth of the free ligand

linewidth of the bound protein-ligand complex

linewidth of the protein

observed linewidth change upon addition of protein or ligand
fraction bound complex in solution

fraction of free ligand in solution

dipole-dipole relaxation constant

correlation time

normalized density function of T, !

static magnetic field strength
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Larmor frequency

MWp
molecular weight of a protein target
References
1. Zartler ER, Shapiro MJ. Protein NMR-based screening in drug discovery. Curr Pharm Des 2006;12

6.

10

11.

12.

(31):3963-3972. [PubMed: 17100607]

. Fejzo J, Lepre CA, Peng JW, Bemis GW, Ajay Murcko MA, Moore JM. The SHAPES strategy: and

NMR-based approach for lead generation in drug discovery. Chem Biol 1999;6:755-769. [PubMed:
10508679]

. Hajduk PJ, Olejniczak ET, Fesik SW. One-Dimensional Relaxation- and Diffusion-Edited NMR

Methods for Screening Compounds That Bind to Macromolecules. ] Am Chem Soc 1997;119:12257—
12261.

. Shuker SB, Hajduk PJ, Meadow RP, Feisk SW. Discovering High-Affinity Ligands for Proteins: SAR

by NMR. Science 1996;274(5292):1531-1534. [PubMed: 8929414]

. Wagner G, Hyberts SG, Havel TF. NMR Structure Determination in Solution: A Critique and

Comparison with X-Ray Crystallography. Annu Rev Biophys Biomol Struct 1992;21:167-198.
[PubMed: 1525468]

Vanwetswinkel S, Heetebrij RJ, Duynhoven Jv, Hollander JG, Filippov DV, Hajduk P, Siegal G. TINS,
Target Immobilized NMR Screening. Chem Biol 2005;12:207-216. [PubMed: 15734648]

. Peng JW, Moore J, Abdul-Manan N. NMR experiments for lead generation in drug discovery. Prog

Nucl Magn Reson Spectrosc 2004;44:225-256.

. Zartler ER, Hanson J, Jones BE, Kline AD, Martin G, Mo H, Shapiro MJ, Wang R, Wu H, Yan J.

RAMPED-UP NMR: Multiplexed NMR-Based Screening for Drug Discovery. J] Am Chem Soc
2003;125(36):10941-10946. [PubMed: 12952475]

.Sem DS, Bertolaet B, Baker B, Chang E, Costache AD, Coutts S, Dong Q, Hansen M, Hong V, Huang

X, Jack RM, Kho R, Lang H, Ma C-T, Meininger D, Pellecchia M, Pierre F, Villar H, Yu L. Systems-

Based Design of Bi-Ligand Inhibitors of Oxidoreductases Filling the Chemical Proteomic Toolbox.

Chem Biol 2004;11(2):185-194. [PubMed: 15123280]

. Moy FJ, Haraki K, Mobilio D, Walker G, Powers R. MS/NMR: A Structure-Based Approach for

Discovering Protein Ligands and for Drug Design by Coupling Size Exclusion Chromatography,

Mass Spectrometry, and Nuclear Magnetic Resonance Spectroscopy. Anal Chem 2001;73(3):571-

581. [PubMed: 11217765]

Mercier KA, Baran M, Ramanathan V, Revesz P, Xiao R, Montelione GT, Powers R. FAST-NMR:

Functional Annotation Screening Technology Using NMR Spectroscopy. J Am Chem Soc 2006;128

(48):15292-15299. [PubMed: 17117882]

Mercier KA, Germer K, Powers R. Design and Characterization of a Functional Library for NMR

Screening against Novel Protein Targets. Comb Chem High Throughput Screening 2006;9(7):515—

534.

. Villar HO, Yan J, Hansen MR. Using NMR for ligand discovery and optimization. Curr Opin Chem
Biol 2004;8:387-391. [PubMed: 15288248]

. Fejzo J, Lepre CA, Xie X. Application of NMR Screening in Drug Discovery. Curr Top Med Chem
2003;3:81-97. [PubMed: 12570779]

. Johnson EC, Feher VA, Peng JW, Moore JM, Williamson JR. Application of NMR SHAPES
Screening to an RNA Target. ] Am Chem Soc 2003;125:15724-15725. [PubMed: 14677945]

. Homans SW. NMR Spectroscopy Tools for Structure-Aided Drug Design. Angew Chem Int Ed
2004;43:290-300.

. Wang YS, Liu D, Wyss DF. Competition STD NMR for the detection of high-affinity ligands and
NMR-based screening. Magn Reson Chem 2004;42:485-489. [PubMed: 15137040]

. Chen A, Shapiro MJ. NOE Pumping: A Novel NMR Technique for Identification of Compounds with
Binding Affinity to Macromolecules. J Am Chem Soc 1998;120:10258-10259.

J Comb Chem. Author manuscript; available in PMC 2009 November 1.



1duosnuey Joyiny vd-HIN 1duosnuey Joyiny vd-HIN

1duosnuey Joyiny Vd-HIN

Shortridge et al.

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

Page 13

Fielding L. NMR Methods for the Determination of Protein-Ligand Dissociation Constants. Curr Top
Med Chem 2003;3:39-53. [PubMed: 12577990]

Copeland, RA. Enzymes: A practical Introduction to Structure, Mechanism, Data Analysis. 2. Wiley-
VCH; New York: 2000. p. 397

Dalvit C, Ardini E, Flocco M, Fogliatto GP, Mongelli N, Veronesi M. A General NMR Method for
Rapid, Efficient, and Reliable Biochemical Screening. ] Am Chem Soc 2004;125(47):14620-14625.
[PubMed: 14624613]

Tengel T, Fex T, Emtends H, Almqvist F, Sethson I, Kihlberg J. Use of 19F NMR spectroscopy to
screen chemical libraries for ligands that bind to proteins. Org Biomol Chem 2004;5:725-731.
[PubMed: 14985813]

Siriwardena AH, Tian F, Noble S, Prestegard JH. A straightforward NMR-Spectroscopy-Based
Method for Rapid Library Screening. Angew Chem Int Ed 2002;41(18):3454-3457.

Jahnke W, Floersheim P, Ostermeier C, Zhang X, Hemmig R, Hurth K, Uzunov DP. NMR-Reporter
Screening for the Detection of HIGH-Affinity Ligands. Angew Chem Int Ed 2002;41(18):3420-
3423.

Dalvit C, Flocco M, Knapp S, Mostardini M, Perego R, Stockman BJ, Veronesi M, Varasi M. High-
Throughput NMR-Based Screening with Competition Binding Experiments. ] Am Chem Soc
2002;124:7702-7709. [PubMed: 12083923]

Dalvit C, Flocco M, Stockman BJ, Veronesi M. Competition Binding Experiments for Rapidly
Ranking Lead Molecules for their Binding Affinity to Human Serum Albumin. Comb Chem High
Throughput Screening 2002;5:645-650.

Fischer JJ, Jardetzky O. Nuclear Magnetic Relaxation Study of Intermolecular Complexes. The
Mechanism of Penicillin Binding to Serum Albumin. J Am Chem Soc 1965;87(14):3237-3244.
[PubMed: 14329431]

Sarrazin M, Sari JC, Bourdeaux-Pontier M, Briand C. NMR Study of the Interactions between
Flurazepam and Human Serum Albumin. Mol Pharm 1972;15:71-77.

Peters, T. All About Albumin: Biochemistry, Genetics, and Medical Applications. Academic Press
Inc; London: 1995.

Cavanagh, J.; Fairbrother, WJ.; Palmer, AG., III; Skelton, NJ. Protein NMR Spectroscopy: Princples
and Practice. Academic Press; San Diego: 1996. p. 587

Packer KJ, Thomlinson DJ. Nuclear Spin Relaxation and Self-Diffusion in the binary System,
Dimethylsulphoxide (DMSO)+Water. Trans Faraday Soc 1971;67:1302-1314.

Helms MK, Petersen CE, Bhagavan NV, Jameson DM. Time-resolved fluorescence studies on site-
directed mutants of human serum albumin. FEBS Lett 1997;408(1):67-70. [PubMed: 9180270]

Zartler ER, Yan J, Mo H, Kline AD, Shapiro MJ. 1D NMR Methods in Ligand-Receptor Interactions.
Curr Top Med Chem 2003;3:25-37. [PubMed: 12577989]

Coles M, Heller M, Kessler H. NMR-based screening technologies. Drug Discovery Today 2003;8
(17):803-810. [PubMed: 12946643]

Chen J, Ohnmacht C, Hage DS. Studies of phenytoin binding to human serum albumin by high-
performance affinity chromatography. J Chromatogr B Analyt Technol Biomed Life Sci 2004;809
(1):137-145.

Kurtzhals P, Havelund S, Joanassen I, Markussen J. Effect of Fatty Acids and Selected Drugs on the
Albumin Binding of a Long-Acting, Acylated Insulin Analogue. J Pharm Sci 1997;86(12):1365—
1368. [PubMed: 9423147]

Sengupta A, Hage DS. Characterization of minor site probes for human serum albumin by high-
performance affinity chromatography. Anal Chem 1999;71(17):3821-3827. [PubMed: 10489529]
Kragh-Hansen U, Chuang VTG, Otagiri M. Practical Aspects of the Ligand-Binding and Enzymatic
Properties of Human Serum Albumin. Bio Pharm Bull 2002;25(6):695-704. [PubMed: 12081132]
Levitt, MH. Spin Dynamics: Basics of Nuclear Magnetic Resonance. John Wiley & Sons, LTD;
Chichester, UK: 2001. p. 520-537.

Cantor, CR.; Schimmel, PR. Biophysical Chemistry Part II: Techniques for the study of biological
structure and function. W. H. Freeman and Co; San Francisco: 1980. p. 461

J Comb Chem. Author manuscript; available in PMC 2009 November 1.



1duosnuey Joyiny vd-HIN 1duosnuey Joyiny vd-HIN

1duosnuey Joyiny Vd-HIN

Shortridge et al.

41.

42.

43.

44.

45.

46.

47.

48.

49.

50.

51.

52.

53.

54.

55.

56.

57.

58.
59.

60.

Page 14

Bernado P, Garcia de la Torre J, Pons M. Interpretation of 15N NMR relaxation data of globular
proteins using hydrodynamic calculations with HYDRONMR. J Biomol NMR 2002;23(2):139-150.
[PubMed: 12153039]

Garcia de la Torre J, Huertas ML, Carrasco B. HYDRONMR: prediction of NMR relaxation of
globular proteins from atomic-level structures and hydrodynamic calculations. J] Magn Reson
2000;147(1):138-146. [PubMed: 11042057]

Ascenzi P, Bocedi A, Notari S, Menegatti E, Fasano M. Heme impairs allosterically drug binding to
human serum albumin Sudlow’s site I. Biochem Biophys Res Commun 2005;334(2):481-486.
[PubMed: 16004963]

Ascoli G, Bertucci C, Salvadori P. Stereospecific and competitive binding of drugs to human serum
albumin: a difference circular dichroism approach. J Pharm Sci 1995;84(6):737-741. [PubMed:
7562415]

Cheruvallath VK, Riley CM, Narayanan SR, Lindenbaum S, Perrin JH. A quantitative circular
dichroic investigation of the binding of the enantiomers of ibuprofen and naproxen to human serum
albumin. J Pharm Biomed Anal 1997;15(11):1719-1724. [PubMed: 9260668]

Epps DE, Raub TJ, Kezdy FJ. A general, wide-rage spectrofluorometric method for measuring the
site-specific affinities of drugs toward human serum albumin. Anal Biochem 1995;227(2):342-350.
[PubMed: 7573956]

Hage DS. High-performance affinity chromatography: a powerful tool for studying serum protein
binding. J Chromatogr B Analyt Technol Biomed Life Sci 2002;768(1):3-30.

Hage DS, Noctor TA, Wainer IW. Characterization of the protein binding of chiral drugs by high-
performance affinity chromatography. Interactions of R- and S-ibuprofen with human serum
albumin. J Chromatogr A 1995;693(1):23-32. [PubMed: 7697161]

Hollosy F, Valko K, Hersey A, Nunhuck S, Keri G, Bevan C. Estimation of volume of distribution
in humans from high throughput HPLC-based measurements of human serum albumin binding and
immobilized artificial membrane partitioning. J Med Chem 2006;49(24):6958—6971. [PubMed:
17125249]
Itoh T, Saura Y, Tsuda Y, Yamada H. Stereoselectivity and enantiomer-enantiomer interactions in
the binding of ibuprofen to human serum albumin. Chirality 1997;9(7):643-649. [PubMed: 9366025]
Kragh-Hansen U, Chuang VT, Otagiri M. Practical aspects of the ligand-binding and enzymatic
properties of human serum albumin. Biol Pharm Bull 2002;25(6):695-704. [PubMed: 12081132]
Lagercrantz C, Larsson T. Comparative studies of the binding of some ligands to human serum
albumin non-covalently attached to immobilized Cibacron Blue, or covalently immobilized on
Sepharose, by column affinity chromatography. Biochem J 1983;213(2):387-390. [PubMed:
6615442]
Lockwood GF, Albert KS, Szpunar GJ, Wagner JG. Pharmacokinetics of ibuprofen in man--I11:
Plasma protein binding. J Pharmacokinet Biopharm 1983;11(5):469—482. [PubMed: 6668554]
Margarita Valero BE, Rafael Pelaez, Rodriguez Licesio J. Naproxen: Hydroxypropyl-pB-Cyclodextrin:
Polyvinylpyrrolidone Ternary Complex Formation. J Inclusion Phenom 2004;48:157-163.
Montero MTEJ, Valls O. Binding of nonsteroidal anti-inflammatory drugs to human serum albumin.
Int J Pharm 1990;62(1):21-25.
Paliwal JK, Smith DE, Cox SR, Berardi RR, Dunn-Kucharski VA, Elta GH. Stereoselective,
competitive, and nonlinear plasma protein binding of ibuprofen enantiomers as determined in vivo
in healthy subjects. J] Pharmacokinet Biopharm 1993;21(2):145-161. [PubMed: 8229677]
Patonay G, Salon J, Sowell J, Strekowski L. Noncovalent labeling of biomolecules with red and near-
infrared dyes. Molecules 2004;9(3):40—49. [PubMed: 18007410]
Peters, T. All About Albumin: Biochemistry, Genetics, and Medical Applications. San Diego: 1996.
Pirnau, AaBM. Investigation of the Interaction Between Naproxen and Human Serum Albumin. Rom
J Biophys 2008;18(1):49-55.
Rahman MH, Maruyama T, Okada T, Imai T, Otagiri M. Study of interaction of carprofen and its
enantiomers with human serum albumin--II. Stereoselective site-to-site displacement of carprofen
by ibuprofen. Biochem Pharmacol 1993;46(10):1733-1740. [PubMed: 8250958]

J Comb Chem. Author manuscript; available in PMC 2009 November 1.



1duosnuey Joyiny vd-HIN 1duosnuey Joyiny vd-HIN

1duosnuepy Joyiny Vd-HIN

Shortridge et al.

Page 15

61. Rich RL, Day YS, Morton TA, Myszka DG. High-resolution and high-throughput protocols for
measuring drug/human serum albumin interactions using BIACORE. Anal Biochem 2001;296(2):
197-207. [PubMed: 11554715]

62. Sowell J, Mason JC, Strekowski L, Patonay G. Binding constant determination of drugs toward
subdomain IIIA of human serum albumin by near-infrared dye-displacement capillary
electrophoresis. Electrophoresis 2001;22(12):2512-2517. [PubMed: 11519955]

63. Trivedi VD, Saxena I, Siddiqui MU, Qasim MA. Interaction of bromocresol green with different
serum albumins studied by fluorescence quenching. Biochem Mol Biol Int 1997;43(1):1-8.
[PubMed: 9315276]

64. Whitlam JB, Crooks MJ, Brown KF, Pedersen PV. Binding of nonsteroidal anti-inflammatory agents
to proteins--1. Ibuprofen-serum albumin interaction. Biochem Pharmacol 1979;28(5):675-678.
[PubMed: 571721]

65. Yamasaki K, Rahman MH, Tsutsumi Y, Maruyama T, Ahmed S, Kragh-Hansen U, Otagiri M.
Circular dichroism simulation shows a site-II-to-site-I displacement of human serum albumin-bound
diclofenac by ibuprofen. AAPS PharmSciTech 2000;1(2):E12. [PubMed: 14727845]

66. Chen J, Hage David S. Quantitative analysis of allosteric drug-protein binding by biointeraction
chromatography. Nat Biotechnol 2004;22(11):1445-1448. [PubMed: 15502818]

67. Trivedi VD. On the role of lysine residues in the bromophenol blue-albumin interaction. Ital J Biochem
1997;46(2):67-73. [PubMed: 9303049]

68. Hajduk P, Betz SF, Mack J, Ruan X, Towne DL, Lerner CG, Beutel BA, Fesik SW. A strategy for
high-throughput assay development using leads derived from nuclear magnetic resonance-based
screening. J Biomol Screen 2002;7(5):429-432. [PubMed: 14599358]

APPENDIX

The binding of a protein (P) with a single small ligand (L) can be represented by the following
reaction.

[PL] & [P]+[L] (A1)

The dissociation equilibrium constant for this system is described by the expression in eq A2,
where the concentrations [P]g, [L]g and [PL] represent the concentration of free protein, free
ligand, and protein-ligand complex, respectively.

_[PLIL,
P [PL] (A2)

Based on mass balance, eq A3 can be used to express [L]g and [PL] in terms of the total ligand
concentration and other concentrations in this system.

[P], - [P]l,=[PLI=[L], - [LI], = [L1,=[L], - [P],+[P], (A3)
Substitution of these relationships into eq A2 gives eq A4.

[Pl (1L, — [PL+[P),)
o [Pl, —[P], (A4)
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Eq A4 can now be rearranged into the following form,
K, ([P, = [P],)=[P], ([L], - [P],+[P],)
= [P2+([L], - [Pl +K, ) [P], - K,[P],=0 (A5)

which makes it possible to solve for [P]g by using the quadratic formula, as indicated in eq A6,
where only the positive root has any meaning in a real protein-ligand system.

- (IL1, - [P],+K,) & \/(| L], - [P 1_,_+1<l,)2+41<,,| P,
[Pl= 2 (A6)

The bound fraction of ligand fg is next defined as given in eq A7.

o [pL] 1
"T[PLI+[L], 14 Ko
Pl (A7)
If we substitute the positive root of eq A6 into eq A7, the result is eq AS.
fy= . lll(l)
(I Llp—[Plp+Kp )+ \,I'I(| Lip—[Plp+Kpy )2 +4Kp [Pl
- 1
- -1
s 2K | 4Ky [Pl 0
((l|.|.l.-u*|.[.—li|))) +(II.I.].—II’].I.—K|))' (A8)

A further simplification of eq 8 can be accomplished by expanding the square root as a power
4K, [P],

4K [P] series where (I L], -1 P]_[.+K,,)1 about x = 0. This approach is valid as long as the
ligand is in considerable excess relative to the protein. The power series that is used here is
shown below.

Vitx=14s — —+ ...
2 8 (A9)

If eq A9 is truncated at the second term, this allows the square root term in eq A8 to be written
in the approximate form that is given in eq A10.

4K [ P], 2K, [P],
1+ 5~ 1+ 3
\J (IL1, = [P],+K, ) (IL], - [P],+K,)

(A10)
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The overall result of this simplification is that eq A8 converts to the expression shown below,
there the fraction of bound ligand fg is now described in terms of only Kp, the total ligand

concentration and the total protein concentration.

1 [P],

]_I_(“’J'l'_lle*K[)} (I L]T+KD)

=

B

(A11)

If it is assumed that the observed free and bound NMR-linewidths are represented by vg and
vp, respectively, and that exchange occurs between free and bound states, the general solution
to the NMR lineshape is bilorentzian. In the slow limit, the spectrum is obviously just a sum
of the spectra of free and bound species, weighted by their relative abundances. If exchange
rates become comparable to the inverse linewidths, then a conventional solution of the pair of
coupled linear differential equations, including auto and cross relaxation terms but neglecting
any chemical shift difference between the states, gives a time domain (free induction decay):

f(D=c e +c_e_

with

ei:expl(G):t \/K).fl

c1=4 I(;(t]‘i'zklz - fzfzz) M, (0) - (izfu+2}(|z - :‘\:’22) M”_{U)I

=M, (0)+M,, (0))

2

Ki-Kn| = =
AZ[M +K 12K
2
K= 1 ki [P]
1= To; 1
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T p (A12.h)
Ki=k_ (A12.3)
K71=k [ P] (A12.))

where My and Mpy, are the magnetization of the free and bound species, respectively. In the
fast exchange limit, the solution is still formally biexponential, but the coefficient c— goes to
zero, and the free induction decay signal, normalized to unity at zero time, becomes

1 qul 1 aeL ) _.ff_ﬁ;)
"’(’)‘e"p( Tz.f-{uuﬂpu)} Tz.b{(ILH[PLJ)})_exP( T.; Tap (A13)

Fourier transforming, the fast exchange NMR signal height can be written as shown in eq A14:

I.u,

[ =—F7F
Ii - ~
tl-vl--"—tl! Uy (A14)

where I is the height of the ligand signal in the absence of protein and Iy is the observed peak
height of the bound complex. This is exactly the same as the height of the free ligand signal in
extreme slow exchange! Rearranging eq A 14 explains the observed decrease in NMR peak
signal for a free small-molecule ligand upon its binding to a protein. The relative ratio of NMR
IB

peak height ( E) is now in terms of the fraction of free ligand (fg) and the fraction of bound
ligand (fg) and is dependent on the observed increase in NMR-linewidth upon the binding of
a ligand to a protein.

 — =1-—1
Il J-i[Uarn,frr’..J l--l"-rluzr",fzrl}

i
o ﬁ:] - t‘lerl_.-ll
=1-—1

Ly (1) (A15)

fyty

Inserting A1l into A15 provides a measure of the dissociation equilibrium constant for the
protein-ligand complex by relating the fraction of bound ligand to the observed change in NMR
peak height.

| 1 I v
B=1- [l:l - TP - =] - <Pl where c=—2 —
. LRI S -
: oG- D I+ =k :

(A16)
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The NMR-linewidth ratio, c, is then measured by using the free ligand NMR spectrum and by
assuming that the linewidth of the bound complex approximates the linewidth of the protein.
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Figure 1.
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1D "H NMR spectra for titration of 20 pM of the drugs phenytoin (A) and naproxen (B) with
increasing concentrations of HSA. The concentrations of HSA were as follows: (i) 0 uM, (ii)
0.4 uM, (iii) 1 uM, (iv) 2 uM, and (v) 4 uM. As the protein concentration increases, the height
of the ligand NMR signal decreases due to the bound ligand adopting the shorter relaxation

IB

time of the protein. The I decrease in the ratio of NMR signal height ( r B l) is proportional
to the degree of binding such that tighter binding ligands will relax more quickly than weaker
binding ligands. This relationship provides an estimate of the dissociation constant for a

protein-ligand complex.
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Figure 2.

Experimental fractional occupancy (B) for naproxen (®), tolbutamide (A ), and phenol red
(@) versus the total concentration of HSA. The best-fit lines were obtained using eq 8. The
12 for these best-fit lines are given in the text and the Kp values that were obtained from these
lines are provided in Table 1.
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Figure 3.

(A) Comparison of 27 experimental protein correlation times determined using NMR dynamics
data with correlation times predicted from protein MW using eq 12 and a shape constant of
1.32. A best-fit line is shown with a slope of 1 and an R20f0.81.(B) A plot of linewidth versus
protein molecular weight based on eq 12 for spherical proteins with p of 1 (solid line) and
elliptical proteins with p of 1.32 (dashed).
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Figure 4.

Use of NMR in a single-point binding analysis for several small-molecule ligands with known
interactions with the protein HSA. The curves in (A) and (B) represents the ideal single-point
Kp values calculated from eq 7 with 0.2 uM HSA and an average c value of 45.7 £ 11.6. (A)
The Kp values and errors reported in Table 1 are superimposed on the ideal fit. The Kp values
are based on the best-fit to eq 8 using the ¢ values determined for each individual compound.
(B) The Kp for each compound was re-calculated based on the best-fit to eq 8 using the c values
from Table 1. The error bars in B represent the range of Kp values measured from the range
of ¢ values with the error in the free ligand linewidth, vg, propagated.
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