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Abstract The WaterLOGSY (WL) and saturation trans-

fer difference (STD) NMR experiments have proven to be

extremely useful techniques to characterize interactions

between small molecules and large biomolecules. In this

work we compare the relative sensitivities of WL and STD

NMR using 3 experimental systems: ketoprofen (KET)–

bovine serum albumin (BSA), tert-butyl hydroquinone

(TBHQ)–hemagglutinin (HA), and chloramphenicol

(CAM)–ribosome (70S). In all cases we find that WL is

more sensitive than STD for a given experimental time

with the ratios ranging from 3.2 for KET–BSA to 16 for

TBHQ–HA and CAM–70S. We attribute the increased

sensitivity of WL to be due to simultaneous saturation of

multiple sources of cross correlation, including direct

NOEs of 1H of water and exchangeable groups and indirect

NOEs of 1H–C groups. We suggest that the outstanding

sensitivity of WL make it ideally suited for drug screening

efforts targeting very large biomolecules at relatively low

concentrations.

Keywords BSA � Hemagglutinin � Ribosome � STD �
WaterLOGSY

Introduction

NMR has proven to be a powerful technique to characterize

interactions between small molecules and large biomole-

cules (Carlomagno 2005; Williamson 2009; Harner et al.

2013). The biomolecules understudy may consist of pro-

teins, DNA, RNA, and carbohydrates. The small mole-

cules, termed ligands hereafter, may consist of natural

ligands (e.g. substrates, products, receptors, inhibitors or

activators), where NMR studies give insights into function,

or drug-like molecules, in which NMR studies enable

discovery and optimization of potency. NMR character-

izations may occur via target-based (i.e. biomolecule) or

ligand-based techniques. Target-based techniques employ

chemical shift perturbations of the biomolecule and in

some cases intermolecular NOEs between the ligand and

target. Such experiments present the potential to not only

identify binding (and affinity) but also the interaction site

and, in favorable cases, the structure of the ligand–bio-

molecule complex (Shuker et al. 1996). However, target-

based techniques require relatively large amounts of highly

purified biomolecule (i.e. mg quantities), as well as label-

ing with stable isotopes (typically 13C and/or 15N), and are

limited to relatively small molecular weight biomolecules

(e.g.\50 kDa). On the other hand, ligand based techniques

take advantage of relatively fast exchange between the

bound and free ligand, which is often the case in biological

systems (i.e. koff [ 100 s-1 or Kd [ 0.1 lM, Williamson

2009). In the case of fast exchange and excess ligand,

ligand-based techniques exhibit higher sensitivity due to

narrower line-widths and multiple binding events, as well

as lower spectral ambiguities (i.e. fewer signals). More-

over, ligand-based techniques present the potential to uti-

lize smaller quantities, as well as unpurified samples, of

targeted biomolecules, and labeling with stable isotopes is

unnecessary. However, ligand based techniques require

additional experiments to identify the binding site (e.g.

competition assays with ligands of known binding sites,

mutagenesis of the target biomolecule, or high resolution

X-ray structures).
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WaterLOGSY (WL) and saturation transfer difference

(STD) are two popular ligand-based NMR experiments

used to characterize interactions of small molecules with

biomolecules (Dalvit et al. 2001; Mayer and Meyer 2001).

Both WL and STD are based on intermolecular NOEs to

the transiently bound ligand 1H. In the case of WL, 1H of

bulk water is excited and magnetization is transferred from

transiently bound water 1H to bound ligand 1H (Dalvit et al.

2000, 2001). Note that magnetization transfer to the bound

ligand 1H may also occur via indirect spin diffusion

through exchangeable and nonexchangeable 1H of the

biomolecule and that exchangeable 1H of ligands cannot be

used as probes in WL (Dalvit et al. 2000, 2001). In the case

of STD, a selected 1H spectral region of the biomolecule is

saturated in the ‘‘on’’ resonance experiment (e.g. the

methyl 1H that resonate near 0 ppm), additional biomole-

cule 1H are saturated via efficient spin diffusion that occurs

in large biomolecules, and an intermolecular NOE occurs

from biomolecule 1H that are proximal to the binding site

(\6 Å) to the small molecule 1H (Mayer and Meyer 2001).

A second experiment is performed in which a region far

from the biomolecule spectral range is saturated, the ‘‘off’’

resonance experiment, and the difference spectrum of the

‘‘on’’ and ‘‘off’’ experiments reveals the magnetization

transfer from the biomolecule to individual ligand 1H. In

what follows, we have compared the relative sensitivities

of the WL and STD experiments for three ligand–

biomolecule systems: ketoprofen (KET)–bovine serum

albumin (BSA), tert-butylhydroquinone (TBHQ)–hemag-

glutinin (HA), and chloramphenicol (CAM)–ribosome

(70S), with the goal of determining the optimal NMR-

experiments for the characterization of ligand–biomolecule

interactions in relatively large molecular weight systems.

Materials and methods

BSA, CAM, KET, and TBHQ were obtained from Sigma.

H3 HA Brisbane (full-length) was obtained from BEI

Resources. Ribosome 70S was prepared as previously

described (Belova et al. 2001). All NMR experiments were

performed on Bruker 800 and 900 MHz Avance spec-

trometers, the latter equipped with a cryogenic triple res-

onance probe. The experimental conditions for the KET–

BSA experiments were ±10 lM BSA, 300 lM KET,

20 mM PBS/pH 7.4, 150 mM NaCl and 10 % 2H2O at

25 �C. The experimental conditions for the TBHQ–HA

experiments were ±0.5 lM HA, 300 lM TBHQ, 20 mM

PBS/pH 7.4, 150 mM NaCl and 10 % 2H2O at 25 �C. The

experimental conditions for the CAM–70S experiments

were ±0.5 lM 70S, 300 lM CAM, 25 mM d-Tris–HCl/pH

7.4, 150 mM KCl, 5 mM MgCl2, 2 mM BME and 10 %
2H2O at 25 �C. The 20-fold higher concentration of BSA

with respect to HA and 70S was chosen to give similar S/N

in the WL and STD experiments. WL experiments were

performed as previously described (Dalvit et al. 2001;

Ramirez et al. 2014). Water was inverted using a 10 ms

iBurp2 pulse followed by a 1 or 2 s mixing time and a

relaxation delay of 2.5 s. The total number of scans was set

to 3,072 and the total acquisition time was *6 h. STD

experiments were performed as described previously

(Mayer and Meyer 2001; McCullough et al. 2012). Here,

unless otherwise noted the protein 1H were saturated with a

train of 50 ms Gaussian-shaped pulses at a field strength of

100 Hz for 1 or 2 s with ‘‘on’’ resonance saturation at

-0.5 ppm and ‘‘off’’ resonance saturation at 40 or 50 ppm

and a relaxation delay of 2.5 s. The total number of scans

was set to 6,144 and the total acquisition time was *12 h.

For the STD experiments a second control experiment was

performed in the absence of biomolecule to ensure that

ligand resonances were not being excited. In the case of the

WL experiment, the signal intensities were determined

after subtracting the control experiment (with ligand

alone). For the protein saturation experiments, WL was

performed as the difference between spectra acquired with

water 1H inversion (i.e. -z axis) and that acquired in which

water 1H remained in the ?z axis. The STD protein satu-

ration experiments were performed as described above. For

the protein saturation experiments, the experimental con-

ditions were 40 lM BSA in 20 mM PBS/pH 7.4, 150 mM

NaCl and 10 % 2H2O or 100 % 2H2O at 25 �C. Spectra

were processed by NMRPipe using a 5 Hz line broadening

function and subsequently analyzed by NMRDraw (Dela-

glio et al. 1995). In all cases, noise levels for the final

spectra were estimated by NMRDraw and errors were

calculated as previously described (McCullough et al.

2012).

Results and discussion

To compare the sensitivities it is important to present the

details for the WL and STD NMR experiments. For these

experiments we chose standard pulse sequences depicted in

Fig. 1a (Dalvit et al. 2001; Mayer and Meyer 2001), which

we have found to be relatively easy to implement and

robust for studies designed to discover drug-like ligands,

characterize their interaction, and guide chemical

improvement (Celigoy et al. 2011; McCullough et al. 2012;

Antanasijevic et al. 2013; Basu et al. 2013; Ramirez et al.

2014). It is also important to determine the experimental

protocol to be used to fairly compare the two experiments.

In this case we chose to make the total experimental time

periods of the WL and STD experiments to be the same

(i.e. each experiment was set up to take a total time of
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12 h) with identical relaxation times, saturation times, and

receiver gain values. As noted in the introduction, STD is a

difference experiment that requires acquisition of one scan

‘‘on’’ resonance (i.e. selective excitation of the biomolecule
1H) and a second scan ‘‘off’’ resonance (i.e. excitation in a

region far from any biomolecule 1H). Accordingly, we

chose to run the WL experiments in a difference mode in

which 50 % of the experimental time used a sample con-

taining the ligand and biomolecule (6 h total) and 50 % of

the experimental time used a second sample containing

only the ligand (6 h total). We note that this approach is

generally useful in the WL experiment because the ligand

resonances, in the absence of biomolecule, are often of the

opposite sign of those in the presence of the biomolecule

and thus this control experiment is useful to avoid confu-

sion between ligands that bind and those that do not bind

(c.f. Ramirez et al. 2014). Moreover, in WL the

exchangeable 1H of the ligand are often the opposite sign

of the nonexchangeable 1H in the absence of biomolecule

and thus the difference spectra removes them from

consideration.

For these studies we have chosen three ligand–biomole-

cule systems, in which the molecular weights of the bio-

molecules are [50 kDa, a realm where ligand-based

methods present distinct advantages to target-based methods

(Carlomagno 2005). Moreover, both the WL and STD

experiments are based on an intermolecular NOE and the

maximum NOE is expected to occur at sc [ 10 ns (Wil-

liamson 2009) and thus all three systems are expected to

exhibit optimal NOE efficiency. The first system under study

is that of the KET–BSA interaction. This interaction is of

physiological significance because KET is a widely pre-

scribed NSAID, which is transported in plasma via its

interaction with HSA, the human analog of BSA (Bi et al.

2010). BSA is a 67 kDa monomer with an estimated

sc * 40 ns and the Kd of its interaction with KET is

*0.3 lM (Sowell et al. 2001). The second system under

study is that of the TBHQ–HA interaction. TBHQ is a

Fig. 1 a Pulse sequence diagrams for the STD and WaterLOGSY

experiments with water suppression by the double-pulsed field

gradient spin echo method. The solid bars and boxes represent hard

90� and 180� rf pulses, respectively. For STD after the initial d1

relaxation delay, proton magnetization is saturated either on or off

resonance by a train of 50 ms Gauss pulses, indicated by the shaded

shaped pulse in brackets. Typical saturation times are 1–2 s. In the

final two echo periods, the shaped 180� pulse has a sinc shape with a

duration of 2.2 ms; gradient strengths are 12 and 15 G/cm, respec-

tively. For WaterLOGSY, these same parameters are used. The

shaded shaped pulse is a 10 ms iBurp2 pulse that selectively inverts

water magnetization; the gradients surrounding this pulse has a

strength of *20 G/cm. The mixing period (sm) is usually 1 or 2 s in

duration; during this period a weak bipolar gradient is applied to

suppress radiation damping. Also, hard 180� pulses are applied in the

mixing period to remove artifacts. For both experiments, d1, the

relaxation delay, is 2.5 s, and the total acquisition time is *4 s. Phase

cycling: /3 = x, -y, -x, y; /4 = -x, -x, -x, -x, y, y, y, y, x, x, x, x,

-y, -y, -y, -y; /5 = x, x, x, x, -y, -y, -y, -y, -x, -x, -x, -x, y,

y, y, y; /recWL = x, -x, x, -x, -x, x, x, -x; /f2 = x; /6 = x, x, y, y;

/7 = -x, -x, -y, -y; /8 = x, x, x, x, y, y, y, y; /9 = -x, -x, -x, -x,

-y, -y, -y, -y; /recSTD = x, -x, -x, x, -x, x, x, -x. All other rf

pulses are applied with phase along the x-axis. The pulse sequence

program for the WaterLOGSY experiment is available from the

authors by request. b Ligands used in this study with the 1H

nomenclature shown
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promising small molecule inhibitor of influenza entry that

binds to the stem loop region of HA (Antanasijevic et al.

2013). HA is a 210 kDa trimer with an estimated

sc * 120 ns and the Kd of its interaction with TBHQ is

*6 lM (Antanasijevic et al. 2013). The final system under

study is that of the CAM–70S interaction. This interaction is

of physiological significance in that CAM is considered as

the prototypical broad-spectrum antibiotic that targets the

peptidyl transferase site of the ribosome (Schlünzen et al.

2001). In contrast to the other systems under study, 70S is a

complex of RNA and protein subunits with a molecular

weight of 2,500 kDa, an estimated sc * 1,500 ns, and the

Kd of its interaction with CAM is *2 lM (Mamos et al.

2013). For reference, the structures of the ligands and 1H

nomenclature used herein are shown in Fig. 1b.

Finally, it is of interest to consider the protein saturation

to be achieved in the STD experiment, which will be a

function of frequency and field strength of the selective

saturation pulses (Mayer and Meyer 2001; Cutting et al.

2007; Ley et al. 2014). With respect to the frequency we

have chosen a standard value of -0.5 ppm for the ‘‘on’’

frequency, which is a balance between achieving selective

saturation of protein 1H and not ligand 1H at a particular

saturation field strength. With respect to the field strength

of the selective saturation pulses, it has recently been

shown that the resulting STD signal is insensitive to the

pulse angle at a given field strength (Cutting et al. 2007).

To test this observation, we compared the relative signal

intensities of the downfield and upfield spectral regions of

BSA using different Gaussian pulse angles at a field

strength of 100 Hz in the STD experiment without ligand.

As shown in Fig. 2a, no significant differences in protein

saturation are observed for pulse angles ranging from 90�
to 720�. We next tested the use of higher power selective

pulses, which have recently been shown to increase S/N of

the STD experiment in select cases (Cutting et al. 2007;

Ley et al. 2014). Consequently, we compared the saturation

of BSA in the STD experiment using selective Gaussian

pulses with a field strength of 240 versus the 100 Hz power

used in the above experiment. We found that increasing the

power to 240 Hz did indeed increase the protein saturation

by a factor of *3.5 (data not shown); however, as shown

in Fig. 2b the increased power resulted in an unacceptable

amount of ligand excitation, which would require an

additional STD control experiment on ligand alone, thereby

increasing experimental times by a factor of 2. Thus, we

feel that selective pulses with field strengths of 100 Hz

offer the optimal combination of saturation efficiency and

selectivity in the STD experiment.

In the next step, we carefully compared the STD and

WL signals for biomolecule–ligand interactions for our 3

systems. In Fig. 3, we give examples of the STD and WL

spectra with 1 and 2 s saturation or mixing times, respec-

tively. First note that increasing the saturation or mixing

time from 1 to 2 s does not appear to significantly change

the signal intensities observed in both the STD and WL

experiments, suggesting that by 1 s we are observing

maximal signals. Importantly, it is obvious that for a given

amount of experimental time that the WL experiment is

significantly more sensitive than the STD experiment for

all 3 systems, which range from 67 to 2,500 kDa.

We next quantified the differences in the S/N of the STD

and WL spectra for different ligand resonances in Fig. 4

and Table 1. Note that we assume that we are monitoring

Fig. 2 a Protein saturation using Gaussian selective pulses of various

angles at field strength of 100 Hz and 2 s of total saturation time. The

saturation pulses correspond to 6.25, 12.5, 18.75, 25, and 50 ms,

which correspond to pulse angles of 90�, 180�, 270�, 360� and 720�,

respectively. Relative saturation for the downfield ([4.7 ppm, times

symbol) and upfield (\4.7 ppm, open circle) spectral regions were

estimated using the TopSpin 3.2. The experimental conditions were

40 lM BSA in 20 mM PBS/pH 7.4, 150 mM NaCl and 10 % 2H2O at

25 �C. b STD saturation of ligand in the absence of biomolecule at

field strengths of 100 and 240 Hz with the KET resonance denoted by

an asterisk. Experimental conditions were 300 lM KET in 20 mM

PBS/pH 7.4, 150 mM NaCl and 10 % 2H2O at 25 �C
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the same binding event in both experiments (i.e. the same

site with the same ligand residence time). Consequently,

individual differences in T1, T2 and intramolecular spin

diffusion for 1H within a particular ligand are expected to

not be relevant when comparing the ratio of the 2 experi-

ments at the same saturation or mixing times. In the case of

KET–BSA, the ratio of WL–STD sensitivity ranges from

3.3 to 3.7 with averages of 3.2 ± 0.1 and 3.5 ± 0.2 for the

1 and 2 s experiments, respectively. In the case of TBHQ–

HA, the ratio of WL–STD sensitivity ranges from 11 to 19

with averages of 16 ± 4 and 12 ± 5 for the 1 and 2 s

experiments, respectively. In the case of CAM–70S, the

ratio of WL to STD sensitivity ranges from 8.9 to 23 with

averages of 16 ± 9 and 14 ± 6 for the 1 and 2 s experi-

ments, respectively. Recently, it has been shown that ‘‘off’’

saturation at 50 ppm is not appropriate for very large

biomolecules (e.g. viruses) due to large 1H linewidths

(Rademacher et al. 2008). Accordingly, we performed an

additional STD experiment on the CAM–70S system using

‘‘off’’ saturation at 300 ppm. In this case, there were no

significant differences in the intensities of the ligand res-

onances, suggesting that the STD experiment was not

attenuated by the use of an inappropriate ‘‘off’’ frequency

(data not shown).

Interestingly, the sensitivities of the KET–BSA signals

are relatively uniform in contrast to the TBHQ–HA and

CAM–70S sensitivities. As noted in the introduction, the

STD signal comes from magnetization transfer from bio-

molecule 1H and the WL signal comes from magnetization

transfer from transiently bound water 1H or indirectly via

nonexchangeable and exchangeable 1H of biomolecules.

Consequently, relatively lower WL to STD sensitivity

would be expected for ligand 1H in close proximity to

hydrophobic regions of the biomolecule (e.g. with methyl

Fig. 3 Examples of WaterLOGSY and STD spectra used to compare sensitivities for a KET–BSA, b TBHQ–HA and c CAM–ribosome 70S. In

all cases the relaxation delays, saturation/mixing times, receiver gain and total experimental times were identical
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or aromatic groups) and relatively higher WL–STD sensi-

tivity would be expected for ligand 1H in close proximity to

transiently bound water or exchangeable groups of the

biomolecule (i.e. hydrophilic regions). Thus, it is not sur-

prising that the ratio of sensitivities varies for the 1H of a

particular ligand. Nonetheless, we find that WL is more

sensitive than STD for all ligand 1H in all of the model

systems studied. We note, however, that the STD signal has

been reported to be increased on the order of *29 by

running the experiments in 100 % 2H2O, due to reduced

spin diffusion between the biomolecule 1H and bulk water
1H (Mayer and James 2002; Cutting et al. 2007). Accord-

ingly, we performed the STD experiments in 100 % 2H2O

for our larger 2 systems (TBHQ–HA and CAM–70S). We

found that the STD signals increased by a factor of *6–79

(data not shown); however, the WL experiments remain

significantly more sensitive, suggesting that only part of the

sensitivity difference can be achieved in 100 % 2H2O.

Moreover, a number of recent improvements to the WL

experiment have been reported to achieve S/N gains of

*29 (Gossert et al. 2009). Finally, we note that buffer

substitution will not always be feasible for labile or ex vivo

systems (e.g. viruses or cells).

The differences in relative sensitivity between WL and

STD could be due to a number of factors including the

efficiency of protein saturation or partial excitation of

biomolecule 1H that resonate near 1H2O (e.g. 1Ha). To test

the relative efficiency of protein saturation we compared

the STD signal of BSA in the absence of ligand to the

difference spectra between a WL experiment in which

water 1H were inverted to the -z axis and a second WL

experiment in which water 1H remained along the ?z axis.

As shown in Fig. 5a, the upfield spectral region of BSA

exhibits significantly more saturation in the WL experi-

ment than the STD experiment for identical experimental

conditions. Moreover, the WL experiment appears to

achieve more uniform saturation within the biomolecule.

Taken together, this observation suggests that the higher

S/N of the WL is at least partially due to indirect magne-

tization transfer via biomolecule 1H to ligand 1H. Next, we

performed assessed the effect of partial saturation of 1Ha in

the WL sequence by performing the experiment in 100 %
2H2O. As shown by Fig. 5b, no detectable saturation of

BSA is achieved in the absence of 1H2O and thus the

protein saturation of the WL experiment is clearly medi-

ated by 1H2O (and possibly exchangeable 1H), as previ-

ously noted by Dalvit et al. (2001).

In conclusion, we reiterate that sensitivity in the NMR

characterizations of biomolecule interactions with ligands

is extremely important. For example, higher sensitivity

reduces experimental times, which enables study of

unstable systems, increases throughput and spectrometer

efficiency, decreases the need for ultrahigh field spec-

trometer time, and enables kinetic studies. Moreover, the

WL and STD experiments are optimal for excess ligands in

relatively fast exchange and thus the sensitivity of the

experiment is proportional to the biomolecule concentra-

tion. This becomes limiting when there are small amounts

of biomolecule available due to difficulties in obtaining mg

quantities, low natural concentrations, and/or complex

systems that are difficult to isolate (e.g. membrane proteins

Fig. 4 Quantified differences in sensitivities of individual resonances

in the WaterLOGSY and STD NMR experiments. Resonances follow

the nomenclature presented in Fig. 1b. Light bars represent 1 s

saturation/mixing times and dark bars represent 2 s saturation/mixing

times. Error bars have been estimated from the noise of the final

spectra as in McCullough et al. (2012)

Table 1 Average S/Nwl/S/Nstd

System S/Nwl/S/Nstd (1 s) S/Nwl/S/Nstd (2 s) n

KET–BSA 3.22 ± 0.12 3.45 ± 0.17 6

TBHQ–HA 15.6 ± 4.1 11.8 ± 5.4 4

CAM–ribosome 70S 16.2 ± 8.6 14.2 ± 5.9 3
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present in a viral or cellular membrane). In addition,

increased sensitivity allows characterizations of ligands at

lower concentrations nearer the Kd, which is important

when there is the potential for additional lower affinity

binding sites. We find that WL is generally more sensitive

and importantly requires less attention to saturation power

and the determination of the optimal ‘‘on’’ resonance sat-

uration frequency, which is particularly important for

NMR-based drug screens. Nonetheless, the STD experi-

ment gives unique insight into the proximity of ligand 1H

to the biomolecule surface and thus STD will continue to

be an important component of the spectroscopist’s toolkit.

Finally, we note that STD has been applied to membrane-

bound systems at relatively low concentrations (Assadi-

Porter et al. 2010) and thus WL experiments on such sys-

tems are expected to be [109 more sensitive, thereby

allowing increased numbers of membrane systems to be

characterized by NMR.
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