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Abstract

The effect of longitudinal relaxation of ligand protons on saturation transfer difference (STD) was investigated by using a known

binding system, dihydrofolate reductase and trimethoprim. The results indicate that T1 relaxation of ligand protons has a severe

interference on the epitope map derived from a STD measurement. When the T1s of individual ligand protons are distinctly dif-

ferent, STD experiments may not give an accurate epitope map for the ligand–target interactions. Measuring the relaxation times

prior to mapping is strongly advised. A saturation time shorter than T1s is suggested for improving the potential epitope map.

Reduction in temperature was seen to enhance the saturation efficiency in small to medium size targets.

� 2003 Elsevier Science (USA). All rights reserved.
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1. Introduction

In biochemical and pharmaceutical research, identi-

fication of the binding activity and characterization of

the binding epitope of ligands is important to lead val-

idation and optimization in drug discovery. Many

NMR-based methods have been developed for detecting
the binding interactions between small ligands and

biomolecular targets. Target-based methods rely on the

perturbations of 1H/15N/13C chemical shifts due to li-

gand binding and can be utilized to map the binding site

on the protein target [1–3]. By directly detecting the li-

gand signals, several different methodologies have been

developed to determine binding affinities of potential

candidates. These ligand-based techniques include
transferred NOE [4–8], inter-ligand NOE [9–11], diffu-

sion [12–14], relaxation [15–17], NOE-pumping [18,19],

ligand release [20,21], waterLOGSY [22,23], and satu-

ration transfer difference [24–26]. Although NMR-based

techniques are not as sensitive as other commonly used

methods in high-throughput drug screening, such as

mass spectrometry, NMR has been considered com-
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paratively robust in drug discovery since it is less prone

to give artifacts [21]. In addition, NMR is able to supply

more detailed structural information, such as the bind-

ing epitope for both target and ligand using target-based

and ligand-based methods, respectively.

Saturation transfer difference (STD) is a fast and

versatile method for screening binding components from
a mixture [25,26]. It is based on magnetization transfer

by protein signal saturation and its relayed effect to li-

gand. Macromolecules have a large network of protons

that are tightly coupled by dipole–dipole interactions.

Saturation of a single protein resonance can result in a

rapid spread of the saturation over the entire protein if

spin diffusion within the protein is efficient. During the

saturation period, progressive saturation transfers from
the protein to the ligand protons if the ligand binds to

the target. The ligand protons nearest to the protein

should be saturated to the highest degree and therefore,

have the strongest signal in the STD spectrum. The li-

gand protons, which are further from the target surface

will be saturated to lower degree and their STD inten-

sities will be weaker. Therefore, the degree of saturation

of individual ligand protons reflect their proximities
to the protein surface and can be used as an epi-

tope method to describe the target–ligand interactions
erved.
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[7,27–29]. Here we present a study of STD epitope
mapping using a well-known system, dihydrofolate re-

ductase (DHFR) and trimethoprim (TMP) [30–36]. It is

found that the STD epitope values are greatly affected

by longitudinal relaxation. When the longitudinal re-

laxation time of individual protons are significantly

different, the resulting STD does not produce an accu-

rate epitope map for the ligand–target interaction.
Fig. 1. STD spectrum of 4.2mM TMP in the presence of 120lM
DHFR recorded at 298K on a 600MHz spectrometer. STD intensities

relative to the corresponding reference intensities are shown on each

signals with bold percentage numbers, the assignment of each signal is

indicated in the bracket under STD intensity. The bold numbers on the

structure are the STD epitope map by normalizing the largest STD

intensity to 100. The small numbers on the structure are atom ID. The

pre-saturation time of STD experiment was 2.0 s with a total recovery

delay of 4.0 s. DHFR was irradiated with a Gaussian shaped pulse

train at 0.9 ppm. A CPMG T2 filter of 32.9ms was used to eliminate

the protein background. The reference spectrum was recorded by ir-

radiating at )9.5 ppm.
2. Methods

One times phosphate-buffered saline (PBS) of D2O

containing 10mM sodium phosphate, 0.16M NaCl, and

3 lM NaN3 at pH 7.3 was used to prepare all the NMR

samples. Dihydrofolate reductase (EC 1.5.1.3) from

bovine liver and trimethoprim were purchased from
Sigma. Prior to use, DHFR was dialyzed extensively and

TMP was dissolved into PBS buffer. 4.2mM of TMP,

4.2mM of TMP with 120 lM DHFR, and 100 lM
DHFR solutions were prepared to test the ligand–target

binding.

All NMR experiments were performed on Bruker

Avance DRX 600-MHz and 500-MHz spectrometers

using 5-mm inverse triple-resonance (15N/13C/1H)
probes equipped with triple axis actively shielded gra-

dients. STD [27] spectra were collected with 16 k data

points to cover a sweep width of 12 ppm. Selective sat-

uration of the protein was performed using a Gaussian

pulse train. The shaped pulse with a length of 8.5ms was

followed by a short delay of 4ms and the total satura-

tion time was adjusted by the number of pulses in the

train. The intensity of the Gaussian pulse corresponded
to a strength of 59Hz. An additional delay before sat-

uration was applied to keep the total recovery time

constant. The saturated and reference spectra were ac-

quired and processed simultaneously by creating a

pseudo-2D experiment. The saturation frequency swit-

ched from on-resonance (for instance, 0.9 ppm) for the

saturated spectrum to off-resonance (usually )10 ppm)
for the reference after each scan. A CPMG [37,38] T2-
filter with a total length of 32.4ms was used to eliminate

protein background signals. W3 WATERGATE [39]

pulse train was used to suppress the H2O signal. The

spectra were processed using Bruker Xwinnmr. A co-

sine2 function prior to zero-filling by a factor of 2 was

applied before Fourier transform. STD spectrum was

obtained by subtraction of saturated spectrum from the

reference spectrum and STD intensity of individual
signal was measured relative to the corresponding signal

intensity in the reference spectrum.

Longitudinal relaxation time T1 of the ligand TMP

was measured when the protein DHFR was present. The

standard inversion recovery method was used for the

measurements with a relaxation delay of 15 s. Data

points (16 k) were acquired to cover a sweep width of
10 ppm. A cosine2 function and a zero-filling by a factor
of 2 was applied before Fourier transfer. Data were

analyzed using Bruker Xwinnmr.
3. Results

In principle, the saturation degree of an individual

ligand proton reflects the proximity of this proton to the
target surface. When creating an epitope map, the STD

intensity relative to the reference is used to create the

binding epitope maps, this is usually described by the

STD factor ASTD, as shown by Eq. (1):

Astd ¼
I0 � Isat

I0
¼ ISTD

I0
: ð1Þ

If different systems are compared, ligand excess

should be used to normalize the differences of protein

concentration [27]. Fig. 1 presents the STD spectrum

and epitope map of 4.2mM of TMP in the presence of

120 lM DHFR (with a molar ratio of ligand to protein

of 35). The data shown on the spectrum are STD in-
tensities relative to the reference (Eq. (1)). A saturation

time of 2.0 s was used. It was verified by DHFR only

that 2.0 s was sufficient to saturate all the site of DHFR.

The STD epitope map of TMP binding to DHFR

(numbers on the structure) was obtained by normalizing

the largest value to 100.

A build-up curve of STD factor Astd against the sat-

uration time was used to study the time course of STD
epitope mapping [25,27]. Fig. 2 shows the build-up



Fig. 3. Plot of STD factor of TMP binding on DHFR against the

saturation time. STD experiments were performed at 277K on a

500MHz spectrometer. The protein was irradiated with a Gaussian

shaped pulse train at 0.9 ppm for saturated spectrum and at )9.5 ppm
for reference spectrum. The total recovery delay was set to 10 s and the

presaturation time was adjusted by the number of shaped pulses in the

train. A CPMG T2 filter of 32.9ms was used. Longitudinal relaxation

time of each signals measured in the presence of DHFR are also

presented.

Fig. 2. Plot of STD factor of TMP–DHFR system via the saturation

time in the log scale. STD experiments were performed at 298K on a

600MHz spectrometer. The protein was irradiated with a Gaussian

shaped pulse train at 0.9 ppm for saturated spectrum and at )9.5 ppm
for reference spectrum. The total recovery delay was set to 4 s and the

presaturation time was adjusted by the number of shaped pulses in the

train. A CPMG T2 filter of 32.9ms was used. T1 relaxation time of

each signals measured at the same temperature in the presence of

DHFR are also presented.
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curves for TMP–DHFR system in the log scale of x-

axis. The exchange-averaged T1 values of TMP, mea-

sured when protein DHFR was present, are also shown.

When DHFR is saturated less than 250ms, the methy-

lene protons with a T1 of only 0.49 s (red stars) have

strong STD, but the STD build-up slows and reaches the

plateau before the protein has been irradiated for 2 s.

The T1 of 6-H (blue diamonds) is the longest, and it has
the longest time to build-up until it plateaus. The STD

intensity of 20=60-H signal (pink squares) is weak when
the saturation time is shorter than 0.5 s. Because its T1 is

relatively long (1.2 s), its STD keeps rapidly building up

until the saturation time increases to 3.5 s at which point

it plateaus. These results indicate that T1 has a strong

effect on the rates of STD build-up. Fig. 2 also presents

that different saturation time yields different pattern of
epitope map for TMP–DHFR system. For example, the

epitope value of 20=60-H is the smallest when the satu-
ration time is shorter than 0.4 s, then is the second

smallest between 0.4 and 2.5 s, and then is the third

smallest after DHFR is irradiated for 2.5 s. If the satu-

ration time is shorter than 0.25 s, the methylene signal

has third largest ASTD. When the protein was saturated

for 0.25 s, the order of ASTD is 4
0-CH3 and 30=50-CH3

(0.87 for both), 7-CH2 (0.85), 6-H (0.79) and 20=60-H
(0.66). The ASTD of 7-CH2 ranks in the second smallest

when the saturation time is longer than 0.25 s but

shorter than 0.50 s where it drops to the smallest.

Fig. 3 is another plot of ASTD against saturation time

with the saturation time up to 5 times of T1. Data were

collected at 277K and the corresponding exchange-
averaged T1�s are shown in Fig. 3. The data indicates
that a very long saturation does not help increasing the
STD sensitivity and a very short saturation time is not

favorable either due to the low signal intensity of STD.

Typically, a saturation time of 1–2 s is used in STD ex-

periments [24,28,29]. STD intensities build-up rapidly

first when the saturation time is increased, from 0 to 4 s

for 6-H for example. Then the build-up slows and the

STD intensity reaches a plateau after a certain period of

saturation. The STD curve for a given proton can be
defined by two regions: the build-up region and the

plateau region. Therefore, the STD build-up can be

described by the build-up rate (for the first part of the

curve) and the relative height of the plateau (for the

other part of the curve). The average value of �AASTD on
the plateaus, �AAstd, is used to define the STD plateau

height. The �AAstd value of each signal was derived from
those points in Fig. 3 with a saturation time longer than
its 5 times of T1 and are shown in Table 1. The shortest

saturation time sp for each signal to reach the plateau is
also listed in Table 1. sp was obtained from the first

point (with the shortest saturation time) to have an �AAstd
of (1� 5%)� �AAstd. sp and �AAstd describe the relative rate
of STD build-up and the relative height of the plateau,

respectively, and therefore, represent the total STD

build-up curve shown in Fig. 3. It can be seen from
Table 1 and Fig. 3 that the order of STD build-up time

sp is the order of T1 relaxation time. The shorter the T1
relaxation time, the earlier the STD plateaus. The signal

of 6-H has the longest T1 and therefore, has the longest

sp or the slowest rate of STD build-up. The similarity of
the normalized (to the smallest) T1 and �AAstd of each



Table 1

Comparison of the relative amplitudes of T1 relaxation time and average STD data obtained with saturation time from 5 times of T1 to 10 s of each

signal

H signal T1 relaxation STD

T1 (sec)a T1/T1(shortest)b �AAstdc �AAstd/ �AAstdðweakestÞd spe (sec)

6-H 1.64 4.2 10.85 3.9 4.98

20=60-H 0.99 2.5 6.42 2.3 3.87

30=50-CH3 0.74 1.9 5.32 1.9 3.49

40-CH3 1.06 2.7 7.24 2.6 3.87

7-CH2 0.39 1.0 2.80 1.0 1.99

a T1 was measured in the presence of DHFR.
bT1(shortest) is the T1 value of 7-CH2 shown in column 2, that is 0.39 s.
c �AAstd here represents the average ASTD obtained from the data shown in Fig. 3 with saturation time longer than 5 times of T1 of each signal.
d �AAstdðweakestÞ is the �AAstd value of 7-CH2 shown in column 4, that is 2.80.
e sp is the shortest saturation time for the individual signal to have an Astd of (1 + 5%)� �AAstd.

Fig. 4. Plot of STD factor via the saturation frequency (colored curves)

and 1D 1H spectrum (black curve) of 4.0mM TMP with 120lM
DHFR. STD experiments were performed at 298K on a 600MHz

spectrometer. The protein was irradiated with a Gaussian shaped pulse

train for 2.0 s and an additional recovery time of 1.0 s was applied

before saturation. A CPMG T2 filter of 32.9ms was used. 1D 1H

spectrum was recorded with a relaxation delay of 2.0 s.

J. Yan et al. / Journal of Magnetic Resonance 163 (2003) 270–276 273
signal shows that STD plateau is also dominated by the

corresponding T1 relaxation. The T1 ratio of 30=50-CH3
to 7-CH2 is 1.9 and their �AAstd ratio at plateau is ap-
proximately the same. 40-CH3�s T1 is 2.7 times of the T1
of 7-CH2 and its STD is 2.3 times stronger than 7-CH2.

Since both the build-up rate and the height of the pla-

teau are strongly affected by T1 relaxation, the relative

STD intensities or the STD epitope values are ordered in

accordance by their T1 relaxation times after a certain

period of saturation, 1.5 s in this specific case.

When TMP binds to DHFR (Ka¼ 2� 107 M�1) [30],
the pyrimidine N1 is protonated and 1-NH and 2-NH2
are involved in hydrogen bonds [31,40]. The X-ray

structure shows that TMP binds in the active site of

DHFR with its pyrimidine ring and C7 methylene being

held in the interior of a deep cleft, while the trimethoxy-

benzyl side chain extends out toward the entrance of the

binding pocket [33,34]. In all 12 restrained minimized

structures of DHFR-TMP reported by Feeney and co-
workers [31], three amino acids have intermolecular H–

H distances smaller than 3.5�AA to the H6 of TMP. There
are two residues within 3.5�AA to one of the H7 protons,
and parts of another residue are close to the other H7.

The ring-flipping of the trimethoxy-benzyl ring of the

TMP in the binary and ternary complexes of DHFR–

TMP suggests a lack of consistent contact with DHFR

at the trimethoxy-benzyl ring [40]. The early modifica-
tion of TMP for receptor-based design of DHFR in-

hibitors [35,36] also yields the same results. According to

the STD epitope mapping shown in Fig. 1, only the

aromatic proton 6-H is close to DHFR while the

methylene 7-CH2 protons are not in intimate contact

with DHFR. The evaluation at 7-CH2 is contrary to the

known binding model. The reason for this discrepancy is

that the T1 relaxation time of 7-CH2 protons is very
short, only 0.49 s at 298K.

During the saturation period, protein is saturated by a

selective irradiation and progressive saturation transfers

from the protein to the ligand protons. The transferred

saturation is related to the intermolecular cross-relaxa-
tion or the intermolecular NOE. When the saturation

time is short and if all sites of the protein are sufficiently

saturated in this short period of saturation, ASTD reflects
the proximity of the ligand protons to the protein sur-

face. But when a long saturation time is used, compe-

tition occurs between intermolecular saturation-transfer

and other procedures. The longitudinal T1 relaxation is

a major one of them. If a long saturation time is used

and all STD signals have reached their maximum, STD

epitope mapping is totally controlled by T1 relaxation

and is not accurate. For the study of binding, a short
saturation time is recommended to minimize the effect of

T1 relaxation on the epitope map. But it is difficult to

quantitatively correlate the T1 relaxation rate and the

intermolecular cross-relaxation rate since the relaxation

of the ligand–target system during saturation is com-

plicated. A too short saturation may also cause insuffi-

cient saturation of the entire protein. Although a



Fig. 6. (a) STD spectra of 100lM DHFR at 277K (black) and 303K

(red) recorded with a saturation time of 2.0 s. (b) STD spectra of

100lM DHFR at 277K (black) and 303K (red) recorded with a sat-

uration time of 0.5 s. The spectra are shown in the scale of equal ref-

erence intensity. All data were acquired on a 500MHz spectrometer.

The protein was irradiated with a Gaussian shaped pulse train and the

total recovery time was set to 3.0 s. Temperature was controlled by a

Bruker BVT 3000.
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saturation period shorter than half of the shortest T1 is
desired to eliminate the effect of relaxation, the sensi-

tivity of STD under this condition is greatly reduced.

When the saturation time was set to less than 250 ms

(half of the shortest T1 of this system), less than 1%

STD could be observed under optimal conditions for

this system. It was also found that when the saturation

time was short the methyl signals 40-CH3 and 3
0=50-CH3

had strong STD indicating they are closest to the target.
This does not agree with the previous NMR [30–32] and

crystallography [33,34] studies. It may be caused by their

strong signal intensities. It is easier to measure STD of

strong methyls when other signals are close to the level

of noise.

The problem of sensitivity will be more severe when

short saturation is applied and the saturation frequency

is far away from strong protein signals. Fig. 4 presents
the plot of STD factor ASTD via the saturation frequency

with the 1D 1H spectrum of TMP with DHFR (black

curve) overlapping. For TMP with five singlets between

7.4 and 3.5 ppm, the usable saturation frequency is

limited to a narrow range of lower than 1.5 ppm and

higher than 9.5 ppm. Otherwise the signal of TMP

would be perturbed by the selective shaped pulse and

extremely strong signals (that do not result from trans-
ferred saturation) would be observed in the difference

spectrum. Within the usable range, STD builds up

rapidly when strong protein signals are irradiated. Sat-

uration on protein methyl signals around 0.9 ppm yields

strongest saturation of ligand. Relative STD intensity

drops to below 1% when DHFR is saturated out of the

range of )1.0 to 1.5 ppm.
The saturation efficiency of the target is a key factor

for improving the strength of STD signals of ligand.

Beside saturation duration and offset, the correlation
Fig. 5. STD spectra of 4.0mM TMP with 120lM DHFR at different

temperatures. The spectra are scaled in their references (peak intensi-

ties of all references are overlapped). Data were collected on a

500MHz spectrometer. The protein was irradiated with a Gaussian

shaped pulse train at 0.9 ppm for 2.0 s with a total recovery delay of

3.0 s. A CPMG T2 filter of 32.9ms was used. Temperature was con-

trolled by a Bruker BVT 3000.
time of the target is another factor that affects the effi-

ciency of saturation. It is found that lowering the tem-

perature helps to enhance the transferred saturation.
Shown in Fig. 5 is the temperature effect on the STD of

TMP–DHFR system. A 2.5 times enhancement was

observed when the temperature was changed from 303

to 277K. Temperature may affect other factors relevant

to STD intensity, such as dissociation-rate constant of

binding and longitudinal relaxation rates of both ligand

and target protons. It was found that as the temperature

was lowered the STD intensity increased even though T1
decreased. We believe that the predominant factor for

STD enhancement via reduction of temperature is the

reduced molecular tumbling. The slow tumbling of

protein accelerates the spread of saturation over the

entire protein and the progressive transfer of saturation

to the bound ligand. The bigger the protein, the easier it

is to saturate the entire protein. Fig. 6 displays the sat-

uration of DHFR at 277 (black) and 303K (red) irra-
diated by shaped pulse for 2.0 (a) and 0.5 s (b). For

comparison, the spectra were scaled to the overlapped

(equal intensity) references. The protein was saturated

on the methyls at 0.9 ppm. Although the signals near the

saturation frequency have similar intensities, the signals

elsewhere recorded at 277K are much stronger than

those recorded at 303K. To saturate the entire protein

(to get flat signals beyond the saturation frequency on
the saturated spectrum), at 277K only 1.5 s was used

while 4.5 s had to be applied at 303K. This effect is more

important for the target of small size, at least for DHFR

(22 kDa), when short saturation times have to be used

(Fig. 6b). Significant increases were observed for other

proteins with molecular weights between 14 and 35 kDa

(data not shown).
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4. Conclusion

During the presaturation period, saturation diffuses

over the entire protein and transfers progressively from

the target to the ligand. However, all magnetizations,

including the transferred saturation, decay because of

relaxation. The relaxation mechanism during the satu-

ration period is related not only to the observed ligand

but also to the saturated protein. Several other mecha-
nisms, such as spin diffusion within the target, magne-

tization transferring from the target to the ligand, and

spin diffusion between the ligand protons, also occur

during saturation. A theoretical model of complete re-

laxation and conformation exchange matrix was used to

study other effects on STD intensity [41]. Relaxation is

one of the major components in the complete matrix,

but only an estimated relaxation rate for nonspecific
relaxation was used to build the relaxation matrix.

Measurement or estimation of the relaxation effect on

STD has not been exploited in order to achieve the real

rate of intermolecular cross-relaxation.

We have noticed in our work that aromatic protons

generally give rise to stronger STD than aliphatic pro-

tons. Our results indicate that the T1 of the ligand

proton has severe interference in the STD measurement.
This effect is not critical for determining the extent of

binding for screening but is important for the binding

epitope to characterize the target–ligand interactions.

STD experiments may not give the appropriate epitope

map if the T1 of individual ligand protons are signifi-

cantly different. When a typical saturation time is used,

2 s in this case, the STD epitope map will be ordered by

relaxation time T1. We believe that STD is a fast, easy
method for screening the binding components from a

mixture and is still a good choice for determining the

epitope map if the individual T1 relaxation times are

similar. But great care should be taken when STD is

employed to create an epitope map for binding. Correct

information in an epitope map is important to direct

structure–activity relationship (SAR) work of a poten-

tial compound on the target. If the T1 of individual
protons are not similar, relatively short saturation times

should be applied or other methods, such as trNOE [7]

or diffusion NMR [12], should be used.

The efficiency of ligand saturation largely depends on

several factors, such as the disassociation rate constant,

concentration ratio of ligand and target, saturation

duration, irradiation offset and protein properties (like

molecular tumbling rate). As described above, the
choice of irradiation offset is limited by the dispersion of

ligand signals. The irradiation at protein methyls was

found to yield the most efficient saturation. Adjusting

the length and amplitude of shaped pulse can also be

used to modify the saturation offset. T1 relaxation af-

fects the set of saturation time for binding epitope.

Lowering temperature was proved to improve STD
measurements of ligands with small to medium size
targets.
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