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In a system in slow dynamic equilibrium two NMR methods are
shown to be suitable for injecting magnetization from one reso-
nance to another by means of slow chemical exchange. The com-
bined outputs of the methods may be employed to measure the
value of the off-rate constant k. in the complex. The methods are
implemented experimentally using the complex of molecules com-
posed of the enzyme Esherichia coli dihydrofolate reductase
(DHFR) and the ligand folate. In an equilibrium solution with
DHFR, folate is known to undergo chemical exchange between a
free state and a bound state. The modified synchronous nutation
method is applied to a spin of the folate molecule in the free and
bound states; magnetization transfer occurs between the two sites
due to the underlying exchange process. As a preliminary step for
the application of the synchronous nutation method, a new one-
dimensional *H NMR technique is proposed which facilitates the
assignment of the resonance of a spin in the bound state, provided
the resonance of its exchange partner in the free state is known.
This experiment is also used to obtain quantitative estimates of the
transverse relaxation rate constant of the bound resonance. The
numerical procedure necessary to analyze the experimental results
of the synchronous nutation experiment is presented. o© 1999
Academic Press
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I. INTRODUCTION

arole that goes beyond the invaluable technical one, which i
proven so successful in characterizing the structure and c
namics of many small to medium-sized molecules or con
plexes of molecules in solutiod (2). From this latter point of
view, the measurement of exchange rate constants in syste
in dynamic equilibrium by NMR has developed into an impor
tant tool for characterizing various biochemical processes, su
as slow motions at particular locations within a molecule or th
binding of a ligand to a receptor, where the ligand exchang
between a free state and a bound state. From the viewpc
expressed at the beginning of the paragraph, exchange f
cesses in systems in dynamic equilibrium are a means by whi
a better understanding of the dynamics of nuclear spin syste
can be gained, resulting in improved dynamic control which i
turn augments the possible applications.

The modified synchronous nutation method was analyzed
some detail in the pasB): its main purpose is to isolate a pair
of nonequivalent spins with respect to cross-relaxation or slc
exchange involving other spins. Several other experimen
schemes such as the original synchronous nutation me#fod |
MINSY (5), BD-NOESY @, 7), QUIET-NOESY @), and
QUIET-EXSY (9) tend to achieve the same goals with, ir
many situations, an acceptable level of confidence. By usi
one of these methods the difficulties associated with the que
tification of spin diffusion can be avoided. As a result, th
analysis of experimental data can be performed with few
preliminary assumptions, reducing the number of possible al

A method allowing improvement in control over the dyn‘FJ‘mE)iguities in the derivation of quantitative values. The methoc

ics of a nuclear spin system is inherently of interest for sp
engineers. At the same time, novel NMR methods may provi
insight in designing protocols for manipulation of differeng
spin systems or other types of quantum networks by mean
classical radiofrequency sources. NMR spectroscopy can p, Y
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e not usually meant to produce a complete structural

9namic study of a macromolecule but rather to focus c
cific sites of particular interest. In this paper we do not wa

(8 compare these different methods or to stress which o
uld be more appropriate to employ in specific cases. Tt
cpmparison can be made and the results will be publish
elsewhere. The goal of this paper is rather to present to the s
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a complex of molecules undergoing slow chemical exchang
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ified synchronous method has already been used to expand
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possibilities of measuring a self-relaxation rate constant of a Il. MATERIALS AND METHODS
specific*H nuclear spin in crowded spectra0j, as well as to
concentrate on the measurement of the cross-relaxation rat@urifiedE. coliDHFR was prepared as previously describe
constant between two specific spins or the rate constant ofl&). A 2 mM solution ofE. coli DHFR and a 0.1 M solution
slow conformational exchange within a moleculdl)( of folate (Sigma Chemicals) were combined, yielding a bina
In the present study the modified synchronous nutatidn coli DHFR—folate mixture irfH,O solution, with a fourfold
method is applied, using chemical exchange as the underly@xgess of folate. The pH of the solution was 6.8; it containe
mechanism for the transfer of magnetization. During the mi&05 M KHPQ, 0.1 M KCl, and 0.001 M dithiothreitol. The
ing time the two sidebands of a radiofrequency field are placé@mple was equilibrated for 15 min under argon at 295 K. A
on resonance with the different frequencies associated withNMR spectra were acquired at 300 K on a Bruker AMX60!
free resonance and the corresponding bound resonance of\WR spectrometer.
ligand. It can be proven that the magnetization exchangedThe modified synchronous nutation experiment necessita
between the irradiated spins is free from magnetization traff§€cise knowledge of the frequencies of the two spins that
ferred from other spins by cross-relaxation or slow exchaniebe irradiated10, 11. In a complex in dynamic equilibrium
processesd). As a result, taking into account only the paramwhere one of the moI(_acuIar species is of low molecular weig
eters characterizing the pair of irradiated spins, we can give @fd undergoes chemical exchange between a bound and a
estimate of the value of the off-rate constait of a ligand, state, it is qften the case that 'Fhe n_uclear spins belonging to_i
which oscillates slowly on the NMR time scale between a fréBOl€cules in the free state give rise to sharp resonances i
state and an enzyme-bound state. A preparafetyNMR conventional, on_e-dlm(_ansmnéiH NMR spectrum. Thus it is
experiment utilizes the effects of the underlying exchand?ual!y easy to find which “free” resonances are of interest f
process to inject magnetization from the site of a nuclear spiftdYiNg the exchange process. In contrast, the nuclear sf

in the free state to the site of the corresponding nuclear spin ﬁlongmg to the molecule in the bound state have relaxati

the bound state of the ligand. If the resonance frequency of t%%hlaev'g:]jmg?é fgéﬁﬁggfrg;g:sgisr;’gﬁg;gﬁ;giﬁg':i
spin in the free state is known, the resonance frequency of T e, !

bound partner can be assigned. This step allows one to av%?tl?”y distinguishable from the resonances of the macromo

e . . . . Cu
specific isotopic enrichment of either the ligand or the sub- In Fig. 1 a conventional, one-dimensional NMR spectrum

strate. Moreover, subsequent manipulations of the spin whi%h : . . |
has received magnetization allow the measurement of the er% binary mixture is presented. The free and bound peaks.

f the transver 9 If-relaxation rat nstant of the b |rr]1 icated by arrows. Using natural abundance, i.e., Wi
o1 Ihe transverse sefi-relaxation rate constant of the BOURR N folate, it was possible to identify the bound peak by th
resonance..,q With the off-rate constant; .

A . xperiment presented in Fig. 2. This 1B NMR experiment
The NMR methods presented in this study are applied to tEFarts with a selective 270° Gaussian pulsd of duration 3X
biomolecular complex composed Bfherichia colidihydro-

) s "~ 10 *s applied at the resonance frequency of thiel @roton in
folate reductasel. coli DHFR) and folateE. coli DHFR is o free state of folate. Immediately following this selectiv

composed of 159 amino acid residues, has a molecular weigfiise 4 nonselective 90° pulse is applied so that te €pin

of 18 kDa, and has been characterized in exquisite mechanigliG,iated with the free state is brought back parallel to t
and structural detaill@, 13. The enzyme utilizes nicotinamide gia1ic magnetic field, while all the other resonances (in as far

adenine dinucleotide phosphate (NADPH) to reduce 7,8—dihﬁﬁ-ey do not overlap with the free one) are brought to th
drofolate (HF) to 5,6,7,8-tetrahydrofolate (H). DHFR also ansverse plane. Subsequently, a train of hard 180° puls
catalyzes the reduction of folate to,H albeit less efficiently separated by a short duration,= 2 X 10° s, is applied.
than the reduction of dihydrofolate. A detailed kinetic schernguring this period, the spin that was excited by the selectiy
is known (14), as are the energetic residues that interact wify|se at the beginning of the experiment and that is parallel
folate and NADPH 15). DHFR is necessary for maintainingthe (z axis can exchange magnetization with its cross-rela
intracellular p00|S of HF and its derivatives, which are €SSeNgtion or exchange partnersl To bring the magnetization that
tial cofactors for biosynthetic reactions requiring one-carb@arallel to the @ axis back to the transverse plane, a hard 9
unit transfer. Consequently, DHFR has proven to be an attrgfise is applied. This pulse also has the effect of returning
tive target for rational drug design. DHFR is of mechanistithe (r axis the magnetization that was in the transverse pla
interest in the light of intriguing dynamic processes evident iuring the train of nonselective 180° pulses. To obtain &
the free enzyme and the enzyme/ligand comple).(When estimate of the transverse relaxation of the spins to whi
present in solution together with the enzyme, the folate molgagnetization was transferred during the train of 180° pulse
cule is known to undergo slow chemical exchange on the NMéte can append to this pulse sequence a perigell0°—,)
time scale between a free state and an enzyme-bound statel vary the delay,,. The 180° pulse in this optional period of
This biomolecular complex is therefore suitable for testing threlaxation is a selective or nonselective 180° pulse dependi
spectroscopic methods presented in this paper. on whether the bound spin is scalarly coupled to other partne
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FIG. 1. Conventional'H NMR spectrum of the complex consisting of DHFR and folate. Eight transients were signal averaged. The bound an
resonances that are determined using the experiment presented in Fig. 2 are indicated by arrows. A drawing of the folate molecule is presemted as

The decay curve obtained in this manner can generally be fitfgalse of 3 X 107> s duration. Immediately following this
to a single exponential function with a decay rate given by tlexcitation pulse, an amplitude-modulated RF field is applie
sum of the transverse self-relaxation rate conspani, of the such that its two sidebands are coincident with the resonan
bound resonance and the off-rate consigptof the exchange of the spins of the @1 proton in the free and bound states o
process. Application of this experiment to tke coli DHFR— the folate molecule. During this pulse the trajectories of th
folate complex is presented in Fig. 2 fay, varying between spins are best followed in the doubly rotating frame defined t
3 X 10°and 7.5X 107° s. In each case 16 nonselective 180the frequencies of the free and bound resonances. In this fra
pulses were applied; they were separated by 210°° s, (neglecting the effect of off-resonance sidebands and asst
leading to a mixing time of 3.4< 107 s for the longitudinal ing, as appropriate in our application, that there are no sign
magnetization transfer period. The number of scans for eachnt scalard couplings present), each of the free and boun
experiment was 1024. Each experiment was repeated thspes is forced to nutate synchronously in a plane perpendicu
times to obtain an estimate of the experimental error. to the direction defined by the phase of the RF field. Durin
The modified synchronous nutation method is applied to tii@s double-irradiation period the longitudinal components ¢
E. coli DHFR—folate complex. The pulse sequence for thihie two irradiated spins exchange magnetization as in t
experiment is presented in the top panel of Fig. 3. The spinlaboratory frame, as a consequence of the chemical exchal
the CH proton of the folate molecule in the free state ithe folate molecule undergoes. Since the double-irradiatit
selectively rotated into the transverse plane by a 270° Gausgieniod is always chosen to be greater than the inverse of 1
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FIG. 2. (Top) Pulse sequence used to determine the resonance frequency of the bound resonance, knowing the frequency of the free reson
pulse sequence starts with a selective Gaussian 270° pulse, directly followed by a 90° nonselective pulse. AftereatdElagf nonselective 180° pulses
is applied, each of which is followed by a delayA final 90° nonselective pulse is then applied, which has the same phase as the first one. Optior
a periodr,—180°-1, is applied to measure the transverse relaxation of the spin to which magnetization was injected. (Bottom) Results of the expe
(including the optional period) as applied to the complex DHFR—folate. The selective pulse is applied at the resonance frequency of the spkh of
proton in the free folate. The delay, is varied between X 107° and 7.5x 107° s, and its value is indicated beside each spectrum. In each case sixt
180° nonselective pulses are applied. They are separated>by@® s leading to a longitudinal mixing time of 34 10°% s. The number of scans for
each experiment is 1024.
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FIG. 3. (Top) The pulse sequence for the modified synchronous experiment as applied to the complex DHFR—folate is presented. It starts with a
Gaussian 270° pulse on resonance with the spin of i goton in the free folate (free spin). Immediately following this pulse an amplitude modulated |
field is applied whose sidebands are coincident with the resonance frequencies of the spins;bff pihet@hs in the free and bound states of the ligand (fre
and bound spins). (Bottom) Results obtained for the modified synchronous nutation experiment when the duration of the double-irradiationefiete:tarean
6.05 % 10% and 90.85x 10 ° s in steps of 6.05< 10° s. The duration of the double-irradiation RF field is indicated beside each spectrum. The numb

scans for each experiment is 2048.

frequency difference between the two spins, the transfer s#nted which correspond to a variation of the duration of tt
transverse magnetization between the two spins is averagednplitude-modulated RF field between 6.05 10°° and
zero. In the bottom panel of Fig. 3, 15 experiments are pr20.85x 10 *s in steps of 6.05 10°%s. The number of scans
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for each 1D experiment is 2048. Each experiment was repeaspih 6 we have, after the first two pulses (selective 270° ar
three times to obtain an estimation of the experimental erraronselective 90°),

To fit the experimental data, numerical simulations for a
three-spin system are performed, employing a computer sim- (Is0(0) — (15,0 0, [1]
ulation program whose supporting mathematical formalism
was described earlied8). For the numerical simulations it is\yhere(| ,,)* is the equilibrium magnetization on sp It is
assumed that the first and second spins are spatially closgnigh possible that some amount of magnetization will appe
each other while the third spin is spatially far away from thgiong the @ axis due to the recovery of this longitudinal

two other spins. In this manner, the relaxation behavior of ti@ mponent. At the end of the firstperiod we have
spins in the different states of the ligand can be mimicked. Spin

one and spin three are allowed to (_axchange magnetization via Qs (1) = (15)°(1 — exp(—ps7)), 2]
the exchange process. In our application to the complex con-
sisting of E. coli DHFR and folate, spin one (bound state of . I :
: . Wherep5 is the longitudinal self-relaxation rate constant of th
folate) and spin three (free state of folate) are the spins of the . : . : S .
. spin 8. Negating this value to insert it as the initial conditior
C,H proton of the folate molecule that exchange their frequep- S . o :
. . . . or the second period just after the first 180° pulse, we obtair
cies during the exchange process, while spin two represents .
. ) : t the end of the secondperiod
spin of the substrate or possibly another spin of the fola?e
molecule in the bound state. Its presence is necessary to ensyre B .
that spin one will have the proper self-relaxation rate constantg!52>(27) = (1)*™1 = (2 =~ exd(—p,7)exp—p;7))  [3]
A simple exponential damping of the transverse component of =1 — 2 exp —ps7) + exp(—2ps7)).  [4]
spin three is used to match the transverse relaxation rate

constant that was measured experimentally for the spin of thgrsuing this procedure until the end of the lagteriod after

C;H proton of the folate molecule in » solution. the last (\th, N a fixed integer) 180° pulse we obtain
I1l. RESULTS AND DISCUSSIONS N
. . . o oAl )N+ D)71) = (1501 + 2 -1" -
The experiment presented in the top panel of Fig. 2 is S|m|Ia§ w2 (( )7) = (1™ 2, (=1)"exp(=np,7)

n=1

to a one-dimensional NOESY difference experiment, with an

initial selective excitation. The advantage in the present case, + (=) exp(—(N + 1)ps7)).  [5]
however, is to perform the difference in a single experiment.

This experiment is also similar to the water filter experiment§ we chooser small enough so thaisT < 1 and we develop
that were proposed to study solvent-exchangeable protonghia exponentials in the equation above in Taylor series arou
biomolecules 19). We, however, utilize a train of 180° pulseszero, up to the first order we obtain

during the mixing time, which has the effect of preventing the

spins not affected by the selective pulse from relaxing to N
equilibrium, as will be demonstrated below. To study solvent- (| \(N + 1)7) = (I;p°1 + (-1)N 1+ 2 > (—1)"
exchangeable protons with the method presented here would n-1
necessitate to analyze carefully the effects of radiation damp-

ing during the train of 180° pulses. Our experiment separates, N

along perpendicular axes, spins that are in the spin diffusion +2 2 (=1)"(—np,7)

network of the spin selectively excited at the beginning of the n=t

experiment and the remaining spins. It thus allows the subse- — (—D)""Y((N + Dpsm)]. [6]

quent manipulation of these two types of spins to be accom-
plished independently. For example, the bottom panel of Figgmplifying the above expression we derive
shows the results obtained when the bound spin, to which
magnetization was transferred during the first part of the ex-
periment, is allowed to relax in the transverse plane for vari-
able amounts of time. From these experiments an estimate of
the suMppoung + Koy is found to be 73.0- 6.2 s,

If a spin & is not contained in the spin diffusion network of + (-DMHN+ 1)1 (7]
the spin which is selectively excited at the beginning of the
experiment, the amount of longitudinal magnetization presefie value of the term within square brackets in the expressi
on this spin just prior to the last nonselective 90° pulse can bBbove is equal to 1 ilN is even and to—2 if N is odd.
made negligible by a proper choice of the intervaFor the Therefore, by choosing small enough(ls) (N + 1)7)

(I)((N+ 1)7) = —py(1;)°12 2 (=1)"™n

n=1



274 BOULAT, EPSTEIN, AND RANCE

remains negligible. It should be noted that the replacementf < pp...¢ < 18.69 s*. A large range of values fot,; and
the train of 180° pulses by some gradient pulse to wipe out apy,.qin these intervals are compatible with the results given t
transverse magnetization will not prevent longitudinal magn#ie other experiment presented in this paper, which gave 6¢
tization from recovering during the mixing time. S < Koyt + Prouna < 79.2 S*. As mentioned abovey.. for the
Numerous methods exist to measure the off-rate constantspin of the'H nucleus of interest was measured in a samp
a slow chemical process with, in many cases, sufficient acaentaining only the folate molecule. In this case the value
racy 20-29. However, in situations where the off-rate conthe self-relaxation rate constant was found tophe = 9.3 +
stant turns out to be of the same order as the cross- or sél6 s, higher than the lower bound fgs..q of 2.48 s™.
relaxation rate constants, it is important to quantify the amoufiaking the value of 9.3S as the lower bound fopg...e the
of spin diffusion generated in the system. In this manner tivalues allowed by the numerical fit faty are 59 §* < kq <
value derived for the off-rate constant can be made mosé s . The values contained in this interval are slightly highe
precise. It is thus of interest to know that methods such #san the value of 35 12 s obtained by competition exper-
synchronous nutation can suppress the effect of spin diffusionents @3). Figure 4 superimposes the experimental da
early in the experimental stage and even for long mixing timgsoints (with their error bars) with the points obtained from on
To calculate the off-rate constant, values of the spectral dengifythe representative simulations leading to the best fit. Tt
function characterizing the molecular motions have still to Haes joining the points are included for visual assistanc
obtained, but only locally, at the site of the two chosen spinBxcept for 7y, = 0.0125X% 10°° s, the simulated points lie
The self-relaxation rate constants of the two spins involvedibse to or within the error intervals of their associated expe
need to be known, but not those of the spins belonging to thamental points. If the experimental error were represented |
spin diffusion network. The number of parameters for analydise mean of the particular experimental errors shown on t
of the experimental data is therefore greatly reduced. Expegiaph, 14 of the 16 points shown could be fitted. The remainit
mental results are discussed by means of the parameters ctiscrepancies can probably be explained by the use in t
acterizing a two-spin system. Quantitative values of rate prfiting procedure of a simple motional model. Moreover, th
cesses can be derived without proposing a solution for thausual value of the ratip).dpi.. is indicative of some sup-
entire structural and dynamic problem. plementary relaxation mechanism that may exist in the bou
In the experimental spectra shown in the bottom panel sfate of the folate molecule and cannot be taken into accoun
Fig. 3, only the free and bound resonances are present, prouing simulation until more information about this process can |
the selectivity of the transfer of magnetization. With a molesbtained. It might be said in this particular situation that th
cule the size of DHFR, it seems quite remarkable to obtautalue of 59 S* obtained fork. is already well above the value
some intensity for the bound resonance after 0.0985 s of doubfeany self- or cross-relaxation rate constants in the molecul
irradiation, during which the spins affected by the RF fieldystem, thus rendering negligible the contribution of spin di
spent part of the time close to or in the transverse plarfasion to the sum of the longitudinal self-relaxation rate cor
However, this intensity comes from the sustained flow aftant and off-rate constant that could be obtained by a norn
magnetization between the free and the bound spins that take®rsion-recovery experiment. This remark is true when v
place during the double-irradiation period. The numerical sihave in mind only the biochemical application. However, it i
ulation program used to analyze the set of experiments caow demonstrated that the modified synchronous nutati
currently handle three spins, in principle belonging to a maoaethod can be implemented in systems in slow dynamic eq
lecular system with a single correlation time. Lengths aribrium. In the past we have already proved) that the syn-
orientations of the internuclear vectors are given. Only dipol&hronous nutation method would perform a very good isolatic
dipole interactions are taken into account to describe relaxith respect to cross-relaxation or slow exchange involvin
ation. We performed simulations using a Lorentzian spectm@her spins, even for very slow rate constants and long mixil
density function. The distance between spin one (bound spimpes. As a result of the combined effects of these remarks t
and spin two (representing a spin of DHFR or another spin ofethod should become attractive for use in specific situatio
folate in the bound state) was varied for each variation of threhere the off-rate constant is of the same order as the relz
values of the parameter characterizing the exchange betwaénn rate constants.
spin one and spin three (free spin). It was necessary to add an
exponential damping term to the transverse relaxation of spin 1V. CONCLUSION
three as, for reasons that need to be explored further, the
experimentally measured transverse self-relaxation rate conin this paper we have displayed some inherent advantac
stant did not lead to the expected ratio when divided by tludfered by the modified synchronous nutation method. Usir
corresponding longitudinal self-relaxation rate constant. Withis method we have demonstrated that it is possible to cont
this procedure, the best fit for the experiment can be accountkd selective injection of magnetization from one nuclear sp
for by an off-rate constant in the range 59 < ks < 67 S frequency to another by a slow chemical exchange proce
and a transverse self-relaxation rate constant in the range 2a48umed to be active in the associated molecular system.
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FIG. 4. Comparison of the experimental values obtained with the values derived by numerical simulations of the experiments. The points obtained f
of the representative simulations leading to the best fit are plotted. Lines joining the points are drawn for visual assistance.

latter is composed of a substrate and a ligand, binding amental data did not need to take into account spin diffusio
dissociating according to a time constant which is slow on ti#gplication in the complex of molecules in slow dynamic
NMR time scale. The selectivity in the injection of magnetiequilibrium, consisting okE. coli DHFR and folate, was pre-

zation resulted from the proper constraints imposed on teented. By combining the results of the demonstration of tl
evolution of the spin system by the application of the modifiesklective injection of magnetization by means of a chemic
synchronous nutation method. A preliminary one-dimensionakchange process and the experimental evidence of feasibi
'H NMR experiment was introduced to permit the determinajiven by the application to the DHFR—folate complex, we hav
tion of the resonance frequency of the spin attached to thleown that in specific situations where the off-rate consta
nucleus of the active site of the ligand molecule in the bouwdould be of the same order as the relaxation rate constant
state. This experiment was also used to obtain a quantitatyreater precision for the value of the off-rate constant could |
estimate of the sum of the off-rate constant and the transvedsgived by this method.

self-relaxation rate constant of this spin. The modified syn-

chronous nutation experiment was employed to obtain, as a ACKNOWLEDGMENTS
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