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In a system in slow dynamic equilibrium two NMR methods are
hown to be suitable for injecting magnetization from one reso-
ance to another by means of slow chemical exchange. The com-
ined outputs of the methods may be employed to measure the
alue of the off-rate constant koff in the complex. The methods are
mplemented experimentally using the complex of molecules com-
osed of the enzyme Esherichia coli dihydrofolate reductase
DHFR) and the ligand folate. In an equilibrium solution with
HFR, folate is known to undergo chemical exchange between a

ree state and a bound state. The modified synchronous nutation
ethod is applied to a spin of the folate molecule in the free and

ound states; magnetization transfer occurs between the two sites
ue to the underlying exchange process. As a preliminary step for
he application of the synchronous nutation method, a new one-
imensional 1H NMR technique is proposed which facilitates the
ssignment of the resonance of a spin in the bound state, provided
he resonance of its exchange partner in the free state is known.
his experiment is also used to obtain quantitative estimates of the

ransverse relaxation rate constant of the bound resonance. The
umerical procedure necessary to analyze the experimental results
f the synchronous nutation experiment is presented. © 1999

cademic Press

Key Words: nuclear magnetic resonance (NMR); dihydrofolate
eductase (DHFR); injection of magnetization; synchonous
utation.

I. INTRODUCTION

A method allowing improvement in control over the dyna
cs of a nuclear spin system is inherently of interest for
ngineers. At the same time, novel NMR methods may pro

nsight in designing protocols for manipulation of differ
pin systems or other types of quantum networks by mea
lassical radiofrequency sources. NMR spectroscopy can
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role that goes beyond the invaluable technical one, whic
roven so successful in characterizing the structure and
amics of many small to medium-sized molecules or c
lexes of molecules in solution (1, 2). From this latter point o
iew, the measurement of exchange rate constants in sy
n dynamic equilibrium by NMR has developed into an imp
ant tool for characterizing various biochemical processes,
s slow motions at particular locations within a molecule o
inding of a ligand to a receptor, where the ligand excha
etween a free state and a bound state. From the view
xpressed at the beginning of the paragraph, exchange
esses in systems in dynamic equilibrium are a means by w
better understanding of the dynamics of nuclear spin sys

an be gained, resulting in improved dynamic control whic
urn augments the possible applications.

The modified synchronous nutation method was analyz
ome detail in the past (3): its main purpose is to isolate a p
f nonequivalent spins with respect to cross-relaxation or
xchange involving other spins. Several other experim
chemes such as the original synchronous nutation metho4),
INSY (5), BD-NOESY (6, 7), QUIET-NOESY (8), and
UIET-EXSY (9) tend to achieve the same goals with,
any situations, an acceptable level of confidence. By u
ne of these methods the difficulties associated with the q

ification of spin diffusion can be avoided. As a result,
nalysis of experimental data can be performed with fe
reliminary assumptions, reducing the number of possible
iguities in the derivation of quantitative values. The meth
re not usually meant to produce a complete structur
ynamic study of a macromolecule but rather to focus
pecific sites of particular interest. In this paper we do not
o compare these different methods or to stress which
ould be more appropriate to employ in specific cases.
omparison can be made and the results will be publi
lsewhere. The goal of this paper is rather to present to the
ngineer the modified synchronous nutation method appli
complex of molecules undergoing slow chemical excha
The modified synchronous nutation method is a one-dim

ional experiment. Spectral overlap is overcome by incoh
rocesses (10). In terms of biochemical applications the mo

fied synchronous method has already been used to expa
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269SELECTIVE INJECTION OF MAGNETIZATION IN NMR
ossibilities of measuring a self-relaxation rate constant
pecific1H nuclear spin in crowded spectra (10), as well as to
oncentrate on the measurement of the cross-relaxation
onstant between two specific spins or the rate constan
low conformational exchange within a molecule (11).
In the present study the modified synchronous nuta
ethod is applied, using chemical exchange as the unde
echanism for the transfer of magnetization. During the m

ng time the two sidebands of a radiofrequency field are pl
n resonance with the different frequencies associated w

ree resonance and the corresponding bound resonance
igand. It can be proven that the magnetization excha
etween the irradiated spins is free from magnetization t

erred from other spins by cross-relaxation or slow excha
rocesses (3). As a result, taking into account only the para
ters characterizing the pair of irradiated spins, we can giv
stimate of the value of the off-rate constantkoff of a ligand,
hich oscillates slowly on the NMR time scale between a
tate and an enzyme-bound state. A preparatory1H NMR
xperiment utilizes the effects of the underlying excha
rocess to inject magnetization from the site of a nuclear

n the free state to the site of the corresponding nuclear sp
he bound state of the ligand. If the resonance frequency o
pin in the free state is known, the resonance frequency
ound partner can be assigned. This step allows one to
pecific isotopic enrichment of either the ligand or the s
trate. Moreover, subsequent manipulations of the spin w
as received magnetization allow the measurement of the
f the transverse self-relaxation rate constant of the b
esonancerbound

t with the off-rate constantkoff .
The NMR methods presented in this study are applied t

iomolecular complex composed ofEsherichia colidihydro-
olate reductase (E. coli DHFR) and folate.E. coli DHFR is
omposed of 159 amino acid residues, has a molecular w
f 18 kDa, and has been characterized in exquisite mecha
nd structural detail (12, 13). The enzyme utilizes nicotinamid
denine dinucleotide phosphate (NADPH) to reduce 7,8-d
rofolate (H2F) to 5,6,7,8-tetrahydrofolate (H4F). DHFR also
atalyzes the reduction of folate to H4F, albeit less efficientl
han the reduction of dihydrofolate. A detailed kinetic sche
s known (14), as are the energetic residues that interact
olate and NADPH (15). DHFR is necessary for maintaini
ntracellular pools of H4F and its derivatives, which are ess
ial cofactors for biosynthetic reactions requiring one-car
nit transfer. Consequently, DHFR has proven to be an a

ive target for rational drug design. DHFR is of mechani
nterest in the light of intriguing dynamic processes eviden
he free enzyme and the enzyme/ligand complex (16). When
resent in solution together with the enzyme, the folate m
ule is known to undergo slow chemical exchange on the N
ime scale between a free state and an enzyme-bound
his biomolecular complex is therefore suitable for testing
pectroscopic methods presented in this paper.
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II. MATERIALS AND METHODS

PurifiedE. coli DHFR was prepared as previously descri
16). A 2 mM solution ofE. coli DHFR and a 0.1 M solutio
f folate (Sigma Chemicals) were combined, yielding a bin
. coli DHFR–folate mixture in2H2O solution, with a fourfold
xcess of folate. The pH of the solution was 6.8; it conta
.05 M KHPO4, 0.1 M KCl, and 0.001 M dithiothreitol. Th
ample was equilibrated for 15 min under argon at 295 K
MR spectra were acquired at 300 K on a Bruker AMX6
MR spectrometer.
The modified synchronous nutation experiment necess

recise knowledge of the frequencies of the two spins tha
o be irradiated (10, 11). In a complex in dynamic equilibrium
here one of the molecular species is of low molecular we
nd undergoes chemical exchange between a bound and
tate, it is often the case that the nuclear spins belonging
olecules in the free state give rise to sharp resonance

onventional, one-dimensional1H NMR spectrum. Thus it i
sually easy to find which “free” resonances are of interes
tudying the exchange process. In contrast, the nuclear
elonging to the molecule in the bound state have relax
ehavior similar to that of the nuclear spins of the macrom
cule, and therefore their resonances are broadened and
asily distinguishable from the resonances of the macrom
ule.
In Fig. 1 a conventional, one-dimensional NMR spectrum

he binary mixture is presented. The free and bound peak
ndicated by arrows. Using natural abundance, i.e., with12C
nd14N folate, it was possible to identify the bound peak by
xperiment presented in Fig. 2. This 1D1H NMR experimen
tarts with a selective 270° Gaussian pulse (17) of duration 33
022 s applied at the resonance frequency of the C7H proton in

he free state of folate. Immediately following this selec
ulse, a nonselective 90° pulse is applied so that the C7H spin
ssociated with the free state is brought back parallel to
tatic magnetic field, while all the other resonances (in as f
hey do not overlap with the free one) are brought to
ransverse plane. Subsequently, a train of hard 180° p
eparated by a short duration,t 5 2 3 1023 s, is applied
uring this period, the spin that was excited by the selec
ulse at the beginning of the experiment and that is paral

he Oz axis can exchange magnetization with its cross-re
tion or exchange partners. To bring the magnetization th
arallel to the Oz axis back to the transverse plane, a hard
ulse is applied. This pulse also has the effect of returnin

he Oz axis the magnetization that was in the transverse p
uring the train of nonselective 180° pulses. To obtain
stimate of the transverse relaxation of the spins to w
agnetization was transferred during the train of 180° pu
ne can append to this pulse sequence a period (tm–180°–tm)
nd vary the delaytm. The 180° pulse in this optional period
elaxation is a selective or nonselective 180° pulse depen
n whether the bound spin is scalarly coupled to other part
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270 BOULAT, EPSTEIN, AND RANCE
he decay curve obtained in this manner can generally be
o a single exponential function with a decay rate given by
um of the transverse self-relaxation rate constantrbound

t of the
ound resonance and the off-rate constantkoff of the exchang
rocess. Application of this experiment to theE. coli DHFR–

olate complex is presented in Fig. 2 fortm varying betwee
3 1026 and 7.53 1023 s. In each case 16 nonselective 1
ulses were applied; they were separated by 23 1023 s,

eading to a mixing time of 3.43 1022 s for the longitudina
agnetization transfer period. The number of scans for
xperiment was 1024. Each experiment was repeated

imes to obtain an estimate of the experimental error.
The modified synchronous nutation method is applied to

. coli DHFR–folate complex. The pulse sequence for
xperiment is presented in the top panel of Fig. 3. The sp

he C7H proton of the folate molecule in the free state
electively rotated into the transverse plane by a 270° Gau

FIG. 1. Conventional1H NMR spectrum of the complex consisting
esonances that are determined using the experiment presented in Fig
ed
e

°

ch
ree

e
s
of

ian

ulse of 3 3 1022 s duration. Immediately following th
xcitation pulse, an amplitude-modulated RF field is app
uch that its two sidebands are coincident with the resona
f the spins of the C7H proton in the free and bound states

he folate molecule. During this pulse the trajectories of
pins are best followed in the doubly rotating frame define
he frequencies of the free and bound resonances. In this
neglecting the effect of off-resonance sidebands and as
ng, as appropriate in our application, that there are no si
cant scalarJ couplings present), each of the free and bo
pins is forced to nutate synchronously in a plane perpend
o the direction defined by the phase of the RF field. Du
his double-irradiation period the longitudinal component
he two irradiated spins exchange magnetization as in
aboratory frame, as a consequence of the chemical exch
he folate molecule undergoes. Since the double-irradi
eriod is always chosen to be greater than the inverse o

DHFR and folate. Eight transients were signal averaged. The bound
are indicated by arrows. A drawing of the folate molecule is presentedet.
of
. 2
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271SELECTIVE INJECTION OF MAGNETIZATION IN NMR
FIG. 2. (Top) Pulse sequence used to determine the resonance frequency of the bound resonance, knowing the frequency of the free res
ulse sequence starts with a selective Gaussian 270° pulse, directly followed by a 90° nonselective pulse. After a delayt a train of nonselective 180° puls

s applied, each of which is followed by a delayt. A final 90° nonselective pulse is then applied, which has the same phase as the first one. Op
periodtm–180°–tm is applied to measure the transverse relaxation of the spin to which magnetization was injected. (Bottom) Results of the e

including the optional period) as applied to the complex DHFR–folate. The selective pulse is applied at the resonance frequency of the spin7H
roton in the free folate. The delaytm is varied between 33 1026 and 7.53 1023 s, and its value is indicated beside each spectrum. In each case s
80° nonselective pulses are applied. They are separated by 23 1023 s leading to a longitudinal mixing time of 343 1023 s. The number of scans f
ach experiment is 1024.
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272 BOULAT, EPSTEIN, AND RANCE
requency difference between the two spins, the transfe
ransverse magnetization between the two spins is averag
ero. In the bottom panel of Fig. 3, 15 experiments are

FIG. 3. (Top) The pulse sequence for the modified synchronous exp
aussian 270° pulse on resonance with the spin of the C7H proton in the fre
eld is applied whose sidebands are coincident with the resonance freq
nd bound spins). (Bottom) Results obtained for the modified synchronou
.053 1023 and 90.853 1023 s in steps of 6.053 1023 s. The duration of
cans for each experiment is 2048.
of
to

e-

ented which correspond to a variation of the duration o
mplitude-modulated RF field between 6.053 1023 and
0.853 1023 s in steps of 6.053 1023 s. The number of scan

ment as applied to the complex DHFR–folate is presented. It starts with
late (free spin). Immediately following this pulse an amplitude modulat
cies of the spins of the C7H protons in the free and bound states of the ligand

utation experiment when the duration of the double-irradiation field is varied between
double-irradiation RF field is indicated beside each spectrum. The nu
eri
e fo
uen
s n
the
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273SELECTIVE INJECTION OF MAGNETIZATION IN NMR
or each 1D experiment is 2048. Each experiment was rep
hree times to obtain an estimation of the experimental e

To fit the experimental data, numerical simulations fo
hree-spin system are performed, employing a computer
lation program whose supporting mathematical forma
as described earlier (18). For the numerical simulations it
ssumed that the first and second spins are spatially clo
ach other while the third spin is spatially far away from

wo other spins. In this manner, the relaxation behavior o
pins in the different states of the ligand can be mimicked.
ne and spin three are allowed to exchange magnetizatio

he exchange process. In our application to the complex
isting of E. coli DHFR and folate, spin one (bound state
olate) and spin three (free state of folate) are the spins o

7H proton of the folate molecule that exchange their freq
ies during the exchange process, while spin two represe
pin of the substrate or possibly another spin of the fo
olecule in the bound state. Its presence is necessary to e

hat spin one will have the proper self-relaxation rate const
simple exponential damping of the transverse compone

pin three is used to match the transverse relaxation
onstant that was measured experimentally for the spin o
7H proton of the folate molecule in D2O solution.

III. RESULTS AND DISCUSSIONS

The experiment presented in the top panel of Fig. 2 is sim
o a one-dimensional NOESY difference experiment, with
nitial selective excitation. The advantage in the present
owever, is to perform the difference in a single experim
his experiment is also similar to the water filter experim

hat were proposed to study solvent-exchangeable proto
iomolecules (19). We, however, utilize a train of 180° puls
uring the mixing time, which has the effect of preventing
pins not affected by the selective pulse from relaxing
quilibrium, as will be demonstrated below. To study solv
xchangeable protons with the method presented here w
ecessitate to analyze carefully the effects of radiation d

ng during the train of 180° pulses. Our experiment separ
long perpendicular axes, spins that are in the spin diffu
etwork of the spin selectively excited at the beginning of
xperiment and the remaining spins. It thus allows the su
uent manipulation of these two types of spins to be acc
lished independently. For example, the bottom panel of F
hows the results obtained when the bound spin, to w
agnetization was transferred during the first part of the
eriment, is allowed to relax in the transverse plane for v
ble amounts of time. From these experiments an estima

he sumrbound
t 1 koff is found to be 73.06 6.2 s21.

If a spin d is not contained in the spin diffusion network
he spin which is selectively excited at the beginning of
xperiment, the amount of longitudinal magnetization pre
n this spin just prior to the last nonselective 90° pulse ca
ade negligible by a proper choice of the intervalt. For the
ted
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pin d we have, after the first two pulses (selective 270°
onselective 90°),

^I dz&~0! 2 ^I dz&
eq Þ 0, [1]

here^I dz&
eq is the equilibrium magnetization on spind. It is

hen possible that some amount of magnetization will ap
long the Oz axis due to the recovery of this longitudin
omponent. At the end of the firstt period we have

^I dz&~t! 5 ^I dz&
eq~1 2 exp~2rdt!!, [2]

hererd is the longitudinal self-relaxation rate constant of
pin d. Negating this value to insert it as the initial condit
or the secondt period just after the first 180° pulse, we obt
t the end of the secondt period

^Idz&~2t! 5 ^I dz&
eq~1 2 ~2 2 exp~2rdt!!exp~2rdt!! [3]

5 ^Idz&
eq~1 2 2 exp~2rdt! 1 exp~22rdt!!. [4]

ursuing this procedure until the end of the lastt period afte
he last (Nth, N a fixed integer) 180° pulse we obtain

^I dz&~~N 1 1!t! 5 ^I dz&
eq~1 1 2 O

n51

N

~21! nexp~2nrdt!

1 ~21! N11exp~2~N 1 1!rdt!!. [5]

f we chooset small enough so thatrdt ! 1 and we develo
he exponentials in the equation above in Taylor series ar
ero, up to the first order we obtain

^I dz&~~N 1 1!t! < ^I dz&
eq@1 1 ~21! N11 1 2 O

n51

N

~21! n

1 2 O
n51

N

~21! n~2nrdt!

2 ~21! N11~~N 1 1!rdt!#. [6]

implifying the above expression we derive

^I dz&~~N 1 1!t! < 2rdt^I dz&
eq@2 O

n51

N

~21! nn

1 ~21! N11~N 1 1!#. [7]

he value of the term within square brackets in the expres
bove is equal to 1 ifN is even and to22 if N is odd.
herefore, by choosingt small enough,̂ I & ((N 1 1)t)
dz
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274 BOULAT, EPSTEIN, AND RANCE
emains negligible. It should be noted that the replaceme
he train of 180° pulses by some gradient pulse to wipe ou
ransverse magnetization will not prevent longitudinal ma
ization from recovering during the mixing time.

Numerous methods exist to measure the off-rate consta
slow chemical process with, in many cases, sufficient a

acy (20–22). However, in situations where the off-rate c
tant turns out to be of the same order as the cross- or
elaxation rate constants, it is important to quantify the am
f spin diffusion generated in the system. In this manne
alue derived for the off-rate constant can be made m
recise. It is thus of interest to know that methods suc
ynchronous nutation can suppress the effect of spin diffu
arly in the experimental stage and even for long mixing tim
o calculate the off-rate constant, values of the spectral de

unction characterizing the molecular motions have still to
btained, but only locally, at the site of the two chosen sp
he self-relaxation rate constants of the two spins invo
eed to be known, but not those of the spins belonging to
pin diffusion network. The number of parameters for ana
f the experimental data is therefore greatly reduced. Ex
ental results are discussed by means of the parameters
cterizing a two-spin system. Quantitative values of rate
esses can be derived without proposing a solution fo
ntire structural and dynamic problem.
In the experimental spectra shown in the bottom pan

ig. 3, only the free and bound resonances are present, pr
he selectivity of the transfer of magnetization. With a m
ule the size of DHFR, it seems quite remarkable to ob
ome intensity for the bound resonance after 0.0985 s of d
rradiation, during which the spins affected by the RF fi
pent part of the time close to or in the transverse p
owever, this intensity comes from the sustained flow
agnetization between the free and the bound spins that
lace during the double-irradiation period. The numerical
lation program used to analyze the set of experiments
urrently handle three spins, in principle belonging to a
ecular system with a single correlation time. Lengths
rientations of the internuclear vectors are given. Only dip
ipole interactions are taken into account to describe r
tion. We performed simulations using a Lorentzian spe
ensity function. The distance between spin one (bound
nd spin two (representing a spin of DHFR or another sp

olate in the bound state) was varied for each variation o
alues of the parameter characterizing the exchange be
pin one and spin three (free spin). It was necessary to a
xponential damping term to the transverse relaxation of

hree as, for reasons that need to be explored further
xperimentally measured transverse self-relaxation rate
tant did not lead to the expected ratio when divided by
orresponding longitudinal self-relaxation rate constant. W
his procedure, the best fit for the experiment can be acco
or by an off-rate constant in the range 59 s21 , koff , 67 s21

nd a transverse self-relaxation rate constant in the range
of
y
-

of
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nt
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.48

21 , rbound
t , 18.69 s21. A large range of values forkoff and

bound
t in these intervals are compatible with the results give

he other experiment presented in this paper, which gave
21 , koff 1 rbound

t , 79.2 s21. As mentioned above,r free
t for the

pin of the1H nucleus of interest was measured in a sam
ontaining only the folate molecule. In this case the valu
he self-relaxation rate constant was found to ber free

t 5 9.3 6
.5 s21, higher than the lower bound forrbound

t of 2.48 s21.
aking the value of 9.3 s21 as the lower bound forrbound

t , the
alues allowed by the numerical fit forkoff are 59 s21 , koff ,
6 s21. The values contained in this interval are slightly hig

han the value of 356 12 s21 obtained by competition expe
ments (23). Figure 4 superimposes the experimental
oints (with their error bars) with the points obtained from
f the representative simulations leading to the best fit.

ines joining the points are included for visual assista
xcept for tdir 5 0.01253 1023 s, the simulated points l
lose to or within the error intervals of their associated ex
mental points. If the experimental error were represente
he mean of the particular experimental errors shown on
raph, 14 of the 16 points shown could be fitted. The rema
iscrepancies can probably be explained by the use in
tting procedure of a simple motional model. Moreover,
nusual value of the ratior free

t /r free
l is indicative of some sup

lementary relaxation mechanism that may exist in the b
tate of the folate molecule and cannot be taken into acco
he simulation until more information about this process ca
btained. It might be said in this particular situation that
alue of 59 s21 obtained forkoff is already well above the valu
f any self- or cross-relaxation rate constants in the mole
ystem, thus rendering negligible the contribution of spin
usion to the sum of the longitudinal self-relaxation rate c
tant and off-rate constant that could be obtained by a no
nversion–recovery experiment. This remark is true when
ave in mind only the biochemical application. However,
ow demonstrated that the modified synchronous nut
ethod can be implemented in systems in slow dynamic

ibrium. In the past we have already proven (3) that the syn
hronous nutation method would perform a very good isola
ith respect to cross-relaxation or slow exchange invol
ther spins, even for very slow rate constants and long m

imes. As a result of the combined effects of these remark
ethod should become attractive for use in specific situa
here the off-rate constant is of the same order as the r
tion rate constants.

IV. CONCLUSION

In this paper we have displayed some inherent advan
ffered by the modified synchronous nutation method. U

his method we have demonstrated that it is possible to co
he selective injection of magnetization from one nuclear
requency to another by a slow chemical exchange pro
ssumed to be active in the associated molecular system
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atter is composed of a substrate and a ligand, binding
issociating according to a time constant which is slow on
MR time scale. The selectivity in the injection of magn
ation resulted from the proper constraints imposed on
volution of the spin system by the application of the mod
ynchronous nutation method. A preliminary one-dimensi

1H NMR experiment was introduced to permit the determ
ion of the resonance frequency of the spin attached to
ucleus of the active site of the ligand molecule in the bo
tate. This experiment was also used to obtain a quanti
stimate of the sum of the off-rate constant and the trans
elf-relaxation rate constant of this spin. The modified
hronous nutation experiment was employed to obtain,
unction of the double-irradiation duration (mixing time),
mount of magnetization transferred to the bound reson

rom the free resonance by the oscillatory binding proces
he synchronous nutation experiment these values wer
ffected by spin diffusion processes. As a consequence
ultiparameter fit that was performed to analyze the ex

FIG. 4. Comparison of the experimental values obtained with the val
f the representative simulations leading to the best fit are plotted. Line
nd
e

e
d
al
-
e
d
ve
se
-
a

ce
In
ot
he
i-

ental data did not need to take into account spin diffus
pplication in the complex of molecules in slow dynam
quilibrium, consisting ofE. coli DHFR and folate, was pre
ented. By combining the results of the demonstration o
elective injection of magnetization by means of a chem
xchange process and the experimental evidence of feas
iven by the application to the DHFR–folate complex, we h
hown that in specific situations where the off-rate cons
ould be of the same order as the relaxation rate consta
reater precision for the value of the off-rate constant cou
erived by this method.
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