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The effects of incomplete saturation and off-resonance irradia-
tion on nuclear magnetic resonance saturation-transfer measure-
ments of three-site chemical-exchange rates are discussed. A new
method that uses double-saturation measurements is compared
with two published methods, one that uses single-saturation mea-
surements and one that uses a single-saturation measurement and
a double-saturation measurement. Several formulas are compared
for measuring the exchange rate constant ke for exchange from a
detected spin D to an exchanging spin E in the presence of
exchange from spin D to a competing spin C. For each method,
formulas are derived with corrections for incomplete saturation or
off-resonance effects, with both corrections, and with neither cor-
rection. Exact formulas are available for three exchanging sites
with incomplete saturation if there are no off-resonance effects.
Off-resonance corrections are imperfect even with complete
saturation. © 2000 Academic Press
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slightly by Ugurbil @), kpe is calculated by measuring the
intensity of spinsD and E with no irradiation (Fig. 1a) and
while spinC is saturated (Fig. 1b), and spih intensity while
both spinsC andE are saturated (Fig. 1cP{5). The R ¢ of
spinD also is measured while spi@sandE are saturated. The
“1-1" method, introduced by Perrin and Johnston, uses th
sameR,; measurement, ard,e andky are calculated by first
saturating spirC (Fig. 2b), then saturating splin a separate
measurement (Fig. 2d}1L).

Off-resonance effects originally were assumed to be negl
gible (2, 6). Later attempts to correct for off-resonance effects
involved a control irradiation, the same distance from pBak
but in the opposite direction (Figs. 1b, 2c, and 2&)4, 5.
Inclusion of direct off-resonance effects does not lead to a
exact formula forkye, because the steady-state longitudina
magnetization of spiD, M,,, depends on transverse sjin
magnetizationM, andM e, as well adM ¢ (10, 11). Further-
more, the return of longitudinal magnetizatidvi,, to steady
state is no longer purely monoexponentiz(17-19. Under
certain conditions the recovery has a large exponential con

One way to measure rates of exchange between two chd¥nent, which can be considered tRe.; for calculatingkoe

icals or sites is the NMR technique of saturation trans

f€t0).

(1-15. In a conventional two-site saturation-transfer experi- Some published formulas for calculatiig. attempt to
ment the intensity of a detected sginis measured with and correct for off-resonance effects on signal intensitigs3(-

without saturation of an exchanging sfiinCalculation ofkpg,
the rate constant for exchange from spinto spin E, also
requires measurement of either the effective spin—lattice re
ation rate constant of spiD, Ry = 1/T.e, While spinE is

5,9-13 and onT .4 (11, 12, 20. Incomplete saturation of spin

E can cause errors iRy calculations in a two-site system
140, 11, 13, and presumably incomplete saturation of dpiim

a three-site system would cause similar errors. AlthoughGpin

saturated3—11), or theR, of spinD in the absence of chemicalis not always completely saturate8),(the effects of incom-

exchange 11-16. Formulas for calculatingtye in a two-site

plete saturation of spi€ in a three-site system have not been

system in the presence of incomplete saturation and off-reseported.

nance effects of the radiofrequency (RF) irradiation (“spi
over”) have been compared recentlyl).
If another competing spi@ exchanges with spi®, a more

[Il- Extension of the formulas for two-site exchange to a three
site system is not straightforward. With a single RF irradiatior
all magnetization components eventually reach a consta

complex measurement is required. It is convenient to differesteady state in the RF rotating frame of reference, even wit

tiate the two published methods by the number of saturating

REemical exchangelQ). With two RF irradiationsvl, contin-

frequencies during each stage of the measurement. In the “1e@5 to oscillate about an average value in any reference fran

method, introduced by Fomseand Hoffman 2) and modified
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Therefore the intensities and relaxation rate constants must |
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a Mg Moo Mee see Figs. 1b, 2c, and 2e) will be indicated ley)( with similar
/A i\ /\ notation for spirC or D controls. If spinC is 300 Hz downfield
from spinD and spinE is 100 Hz upfield from spiD (Fig. 2),
v “®Mop(c’) indicates irradiation 300 Hz upfield from spid
b CEMon(c,e’) . Moe(c.e) (Fig. 2c) and“®M(c’) indicates irradiation 400 Hz upfield
i i from spin E. When the control position is not relative to the

observed spin, the reference for the control will be indicatec
For example, with irradiation 100 Hz downfield from sgiin

¢ i 'CEM/OD\(‘”G) i the three intensities ar@*M.(e’ rel D), “*My(e’), and
ke ‘“®M (e’ rel D) (Fig. 2e). With irradiation of two control
c kﬁ D positions or one spin and one control position, the control i
&ka % always relative to the spin not mentioned in parentheses. F
kee %E example, in®*"My(c, €') the ¢ means irradiation 100 Hz
£ downfield from spinD, not 400 Hz downfield from spic.

) ) ) ) Formulas for calculatindc,e involve measuring the reduc
FIG. 1. A typical 1-2 saturation-transfer experiment to measdgein a - v i intensity of one or more signals upon saturation of ong
three-site system. (a) Equilibrium magnetization with no RF irradiation. (b . . . .
Saturation of spiiC and the control for spift relative to spirD. (c) Saturation r more spins. Each signal decrease is measured relative tc
of spinsC andE. The three-site system is shown below (c). reference intensityy(ref). Signal intensities usually are mea
sured as ratios of intensities, with the reference intensity an

the reduced intensity both normalized to the same valu

determined by numerical estimation or approximate formul&4.(norm). These signal changes will be represented in the 1.
rather than by exact analytic formulas. and 2-2-2 methods as

The present work has several purposes. (1) It presents a new
“2-2-2" method for measuring exchange rate constants in aAD(d rel C) = [Myp(ref) — CEMyp(d)]/Mop(norm)
three-site system from three double-saturation measurements.
(2) It modifies published formulas to correct for incomplete (1]
saturation and off-resonance effects. (3)_ It compares thg acCu-  Ap(c, €) = [Mgp(ref) — CEMqp(c, €)1/Mop(norm.
racy of the 1-2, 1-1, and 2-2-2 methods in a three-8Respin

system with off-resonance effects. All calculations are based [2]
on the Bloch equation2{) modified for chemical exchange
(10,11, 23. With no off-resonance correctiol ,,(ref) = Mg, (norm) =

Mys. Corrections for off-resonance effects ubkg(ref)
NOTATION

The notation is necessarily detailed to include single and " " M
double saturations, control irradiations, off-resonance effects, oc o o

a
incomplete saturation, and three different experimental meth- /\ M /\
ods (Table 1). However, the formulas are straightforward and

are easily incorporated into a spread sheet or other computer b CEMan(€) PMoc(c)
program. i

The relaxation rate constants and magnetization levels will - ' .
include a subscrip€, D, or E to indicate the relevant spin. A Moc(c’ rel D) Moo(¢')  "®®Moe(c’ rel D)
preceding superscrif, D, or E will indicate exchange with i
spinC, D, or E. Off-resonance effects will be indicated by a
preceding superscript “i". Direct irradiation of sp@y D, or E d "Myg(e) “FMop(e) i
will be indicated by €), (d), or (e), respectively. For example, /\
“*Mp(c, €) is the average steady-statg, of spin D while € DRy e relD) ey (o) “Moe(e rel D)

spinsC and E are irradiated with off-resonance effects in-
cluded, and'R,p is the R.y; of spin D with off-resonance
irradiation and no exchange. Longitudinal magnetization nor-

malized to equilibrium magnetization will be represented bl}/F'_G' 2. A typical 1-1 saturation-transfer experiment to measqgeand

C. = M../M D. = M./M andE. = M.-/M bc in a three-site system. (a) Equilibrium magnetization with no RF irradia
z 2@ ey Fz 2D’ YDy T =2 z& V0B tion. (b) Saturation of spi€. (c) Irradiation of a control for spi€ relative to

Irradiation of a “control” position for spinE (the same gpinD. (d) Saturation of spif. () Irradiation of a control for spiE relative

distance from the observed spin, but in the opposite directiag spinD.
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TABLE 1
Notation for Magnetization in the Presence of Chemical Exchange and Off-Resonance Effects

Symbol Meaning

Preceding superscipts
i Includes effects of off-resonance irradiation

CE Chemical exchange with spird andE, with constant spirC magnetization and spiE magnetization
Magnetization symbols

Moc, Mop, Mg Equilibrium magnetization with no irradiation

EM op M,p(ss) with chemical exchange with spir® and E, Eq. [10]

‘Moo M o(ss) with off-resonance irradiation and no exchange

(c,e) Spins C anckE are irradiated (saturated)

(c', e) Irradiation of the control positions for spird and E

“EM gp(€) M o(ss) while spinsC andE are saturated, including off-resonance effects
Magnetization ratios

Czr Dzr Ez MZC/MOC! MZD/MODv MzE/MOE

“fD,(c, €') “EMoo(c, €)/Mop

‘CEDz(cv e) iCEMOD(Cv e)/MOD

°E,(c, ') PMee(c, €')/Mee

“PE,(c, €) “®Me(c, €)/Moe

AD(c, €) Fractional decrease M ,5(ssf when spinsC andE are irradiated, Eq. [2]
Relaxation rate constants

'Rip Rip e With off-resonance effects, Eq. [12]

““R.p Rip e With chemical exchange and off-resonance effects, Eq. [15]

*Here,Mp(ss) is steady-state longitudinal magnetization of dpin

EEME)S](d-I/-I':-eI C) in Eqa [1] andMoD(Iref) :h iCI;_MZOD(C,’heg i”h dM,/dt = —{w; + w,cod(ws — we)t]}Myp
g. [2]. This notation does not apply to the 1-2 method, where .
the reference intensity is measured during irradiation of one ~ 05Sin(wa — wg)t]Myo + Rip(Mop — Mzo)

spin, which must be indicated. Theoretical derivations usually — (Kpc + Kpg) Myp + KepMyc + KepMe  [3]
lead to a correction that we will call “typA,” normalizing to _ :
equilibrium magnetization,My(norm) = Mgy, (4,5, 11. dM,ofdt = waMyp + wzSin (0 = wa)t]Mo

Some studies have used a correction that we will call “Bgpe — RyppM,p — (Kpe + Kpg) Myp

normalizing to the magnetization with control irradiation,

Moo(norm) = Mop(ref) (L, 19). T keoMye + keoMye [4]
Some three-site formulas have expressed the formula fordM,p/dt = —wsM,p + {w; + ©,€08 (ws — we)t]}M,p

Kep in terms of “® R (M oo/Moe) (1, 2). This is not consistent C RyuMep — (Koe + kog) M

with two-site formulas 4-15 and another three-site for- 2077y pc © MOEI YD

mula (3-5, where “°*R,, is used to calculaté&kpy.. Since + kepMyc + KepMye. [5]

KoeMop = kepMeg, the three-site formulas can be modified

to expreskoe in terms of “*Ry,. This modification has been Similar equations can be written for spi@sndE. At equilibrium

applied to the formulas froml( 2) for consistency between the flux into each site must equal the flux out of that site, so

the different methods.

KeoMoc = KpcMop (6]
BLOCH EQUATIONS WITH CHEMICAL EXCHANGE KeoMoe = KpeMop [7]
KceMoc = KecMe. (8]

The Bloch equations can be modified to include chemical
exchange between spih and spinsC andE (10, 11, 22 and With these substitutions Eq. [3] can be rearranged to
two RF fields. The two RF fields have strengths= yB, and
w, = yB, and frequenciesv; and w,,, and the frequency dM,p/dt = —{w; + w,c0§(wa — wp)t]}Myp
offsets from spinD are w, = wo(D) — wyn and wg = .
wo(D) — wy. With this notation the Bloch equations for spin ~ SN (0a = wg)tIMso
D in the B, rotating frame become + °ER;p(“EMyp — M,p), [9]
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where 'Ry =Ry + (R, — R){[wi(wi + 0])]
+ [wil(wf + )]}, [12]

CEMOD = Moo(Ryp + kpcC, + kDEEz)/CERlD [10] . .
which was used for all calculations of exchange rate constant

CERp = Rip + Ko + Koe. [11] With one RF field Eq. [12] reduces to a previously publishec
approximation based on an analytic solution of the Bloct

equations 10).
Equation [10] agrees with Eq. [3] ol)if C, = 0 orE, = 0. One way to approximate the off-resonance effects with

When a single RF field of magnitude, = B, is applied Single RF field is to ignore the oscillations induced by the RF
to a spin system for a long time, the transition to a new steafi§!d, and to consider the exponential relaxation rate consta
state for each magnetization Componen;' My, and M, IRlD and the steady—state magnetizatimD in the absence of
usually has an exponential term modified by decaying oscillexchange X0, 21, then add chemical exchange. When this
tions (10, 17-19, 2R The oscillations eventually disappea@pPproach is extended to two RF fields with, of Eq. [12], the
andM,, M,, andM, reach constant values in a reference frame: andw, terms of Eqgs. [3] and [9] are incorporated inRyo
rotating at theB, frequency 10, 17-19, 2}, even with chem and'Mg, so that
ical exchange or cross-relaxation between spib@).(The
steady state exists becauBg, the vector sum oB, and the dM,/dt = CER, 5 ((EMp — M,p), [13]
off-resonance component of the static fi@lg, is constant in
the B, rotating frame. The magnetization is aligned near thghere
effective field By, so that the small force exerted B4
balancesT; andT.2 relaxation. In other reference frames the CEMop = [ Mop'Rup + Mop(KocC, + koeE) /SRy [14]
component 0B is unchanged and the angle betw@&:nand _ _

B, is constant, sd/l, reaches the same steady state. However, '“"Rip = 'Rip + Kpc + Kpe. [15]
the x and y components ofB; oscillate, andM, and M,

oscillate about average values and never reach single steaglyuation [14] can be rewritten

state values.

With two RF fields the magnitude dB.s and the angle ICED ICER = ID, IRy + kpcC, + KoeE,- [16]
betweenB,; and B, oscillate in any reference frame. As a
result, not only doM, and M, continue to oscillate without
reaching single steady-state valulk,also continues to oseil
late about an average value. To understand this, consider th?ormulas for the 1-2, 1-1, and 2-2-2 methods can be derive

steady-state condition with one RF field. When a second R £q. [16]. Calculation of exchange rate constants require
field is added, this nevB, field rotates in theB, reference megasyrement of a longitudinal relaxation rate constant. Tk
frame. With this rotating, field, the netB.; becomes time- 1-2, 1-1, and 2-2-2 methods U$ER,,, and the 2-2-2 method
dependent in any reference frame. Both the magniBidand 554 uses” R,. and °R,.. Relaxation rate constant®,c,
the angle betweeB. andB, oscillate with a frequencyw, — 'Rip, and'R; were calculated with the approximation of Eq.

ws| = o — wu| in any reference frame. As a resit, [12], and ®°F Ry, '“*R,p, and'°’R;,: were calculated from Eq.
oscillates with this same frequency in any reference frame.[15] or equivalent equations for spil@andE.

With chemical exchange the oscillation frequency of the
exchanging spin generally is different from the frequency af.2 pethod
the observed spin, further complicating the oscillation pattern. ) ) o
Although there does not appear to be an exact analytic formulal "€ 1-2 method begins by saturating S@?md irradiating
for the average steady-state magnetizations and oscillat{ji control position for spirk to measure™D,(c, &’) and
magnitudes with two RF fields and chemical exchange, numer-E=(C, &) (Fig. 1b) @-5. Then, while keeping spirC
ical simulations can yield very accurate results. The numericgturated, spilE also is saturated arit'D(c, ) is measured
simulations reported here were performed with Mathemati@ng with ““Ryp (Fig. 1c). If Eq. [16] with spinsC and E
version 3.0 on a Macintosh computer. Magnetization recovet@turated is subtracted from Eq. [16] with irradiation of spin
curves were calculated at 500 evenly spaced points over 387l the control position for spif,
(>7 T,), and the average of the last 50 points over multiple
cycles was considered the steady-state value. Relaxation rate CER,p[°D,(c, €') — '°ED,(c, )]
constants determined from a three-parameter nonlinear least- — ko[P5C,(c, &) — PEC,(c, ©)]
squares fit of the calculated values were within 1% of values be 2w aw
calculated with the formula + kpel '°PE,(c, €') — °PE,(c, e)]. [17]

FORMULAS FOR CALCULATING Kpe
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If spin C magnetization is constant in the two spectra, o Mgpo(e) Moc(e)
PEC,(c, €') = "®FC,(c, e) and Kpe = Rm{[l - Moo(e')] - [ ~ Myc(e’ rel D) D)}
k _ iCER [iCED( r) _ iCED( )]/ X 1 _ MOD(C) /1 _ 1 _ Moc(e)
DE = 1D AC, € AC, € Mgo(c') Moc(€’ rel D)
iCPE (¢, e') — °PE,(c, @)]. 18
[*Ec, &) (c, )] [18] i Mel© o
_ Mee(c’ relD) | ]°
If “°E,(c, € = 0, Eq. [18] simplifies to a previously pub
lished formula that assumes complete saturation of both sp#1é-2 Method
C andE (3): The 2-2-2 method uses signal intensities with two spin:
saturated. This results in three separate signal intensity me
koe = '°FR;p['°ED,(c, ') — °D,(c, €)]/'°PE,(c, €'). surements, which can be acquired during measurements of t

three R,S. Three exchange rate constants are determine
[19] independently, and the others are determined by Egs. [6]—[8
Formulas for calculating the exchange rate constants can |
Equation [19] can be compared to Eq. [7] @) derived by applying Eqg. [16] to each spin with control irradi-
ations and with two spins saturated, yielding equations simile
. _ _ _ to Eq. [17]:
Kep = "“"Rip(Mop/Moe)['“FD,(€) — '“FD(c, ) ]/"°PE,(c).

[20] PER,cAC(d, e) = kepAD(d, €) + kceAE(d, &) [23]

ICER,pAD(c, €) = kpcAC(c, €) + kpeAE(C, €)  [24]

Equation [20] can be converted to Eq. [19] by applying Eq. [7] ICOR,LAE(C, d) = kecAC(c, d) + kepAD(c, d).  [25]
and including a control irradiation. Thus the method & i6
essentially that of Z) with control irradiation and withkpe

. . Aft lying Egs. [6]-[8] t lac&yc, Kep, dkee i
measured using“R,, rather than“°Rc. er applying Egs. [6]-{8] to replacéc, kep, andkee in

these equations, the resulting formula kgg is

1-1 Method koe = ['**RupAD(c, €)AC(c, d)AD(, ©)
A fundamentally different approach was introduced by + PR _AE(c, d)AC(c, )AE(d, e)
Perrin and Johnston, who assumed complete saturation, used a _
type B off-resonance correction, and expreskeglin terms of X (Moe/Mop) — PFR;cAC(d, €)
‘“®Rip (1). They saturated both spin@ and E to measure X AC(c, e)AC(c, d)(Mge/Mgp) 1/
‘“*R.p, but they measured signal intensity changes with only
one spin saturated. Application of Eq. [16] to measurements [AC(c, d)AD(d, e)AE(c, €)
with control irradiation and saturating irradiation yields, with + AC(c, e)AD(c, d)AE(d, €)]. [26]

incomplete saturation,

The A formulas derived by this method would have a type
AD(e)AC(c rel D) — AC(e rel D)AD(c) off-resonance correction, as with the 1-1 method in Eq. [21]

koe = “"Rip AE(e rel D)AC(c rel D) - Formulas for the other rate constants can be derived by e
— AC(e rel D)AE(c rel D) changing the spin labels, and by applying Eqgs. [6]-[8] wher
appropriate.
(21]

Extension to Four Sites

The A notation was explained in Egs. [1] and [2]. The Consider a cyclic four-site system where spi@isand E
formulas derived by this method would have a tyfpeoff- exchange with a fourth spiR, with no direct exchange be-
resonance correction, witfl,(norm) = M, (see Eq. [16]), and tween spind andF or between spin€ andE. The 1-1 and

a typeB correction can be calculated for comparison. Noticé-2 methods can be applied exactly as in the three-site case
that measurement &f,c (andkpc) requires irradiation of spin calculatekyc andkye, even with directC—E exchange. Con

C and spinE in separate experiments. With a tyeoff- trary to previous assertion8)( the 1-1 method1) does not
resonance correction and complete saturatddd(c rel D) = “require the measurement of four relaxation rate constants (or
AE(e rel D) = 1, and Eq. [21] becomes Eq. [5] ofl)( for each exchange site), 12 fractional reductions in intensit
modified to expres&pe in terms of “R,;: and a simultaneous solution of 16 equations,” and the methc
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TABLE 2 Rate constants were calculated by the 1-2, 1-1, and 2-2-
Relaxation and Intensity Parameters for the *P Spin System methods with corrections for either incomplete saturation o
off-resonance effects (typ& or type B correction), with both

Spin Chemical Mo T T2 ) corrections, and with no correction. The percentage of error
c pCr 4 4 0o (rounded to the nearest integer) in the calculated rate constar
D ATP, 2 1.25 0.05 for exchange between ATRnd R are summarized in Tables
E P 1 25 0.08 4 and 5, and the creatine kinase-catalyzed exchange betwe

PCr and ATPR will be included in the discussion. Thie-c

) ) ) ) . (whichis actually zero) calculated by each method is shown i
of (2) does not require solving a pair of equations to oblgin  Taple 6. The calculateki.. generally was about one-fourth of
andkep Foggther. The 2-2-2 method requires measurement@h, cajcylateck... With the 2-2-2 method the percentage of
each spin’s intensity while its exchange partners are saturatgﬁors inkoe andkeo are equal andt, errors differ fromkc
Thus, itis sufficient to saturate spi@sandE to observed and  gyrors by the factoM /Mo (see Eq. [8]).

F, and then saturate spiiis andF to observeC andE. For comparisorke, was calculated by the two-site method
with different corrections. The following equations fromi}
were used: Eq. [17] for no corrections, Eq. [20] for incomplete

To compare the accuracy of the different methods for ¢ aturation, Eq. [34] for typé, gﬁ-resonance, EQ. .[35] for type
off-resonance, Eq. [27] for incomplete saturation plus tpe

culatingk,e with off-resonance effects, consider the three-si &t : .
2 ; . off-resonance, and Eq. [29] for incomplete saturation plus typ
P spin system with exchange of phosphate groups betwe§rc1) ff-resonance

Fr?ohstfshohca:?ea'zz‘? (F;Cirr,] S;’m;h;ﬁig;pzsiphﬁi ?a?g.?go;sr:ne Several conclusions can be drawn from Tables 4—6 and tt
phosp B sp ' 9 phosp =PI reatine kinase calculations. (1) The best results were obtain

E) (3-5,7-9,13-1p with corrections for both incomplete saturation and off-reso
nance effects. (2) None of the three-site methods (1-2, 1-1, at
2-2-2) was consistently better than the others. (3) The 2-sit
method was better than the three-site methods for calculatir
We will assume a field strength of 1.5 T, that of a typicats,, mostly because of reduced off-resonance effects, whic
clinical magnetic resonance imaging scanner. Because thereaanot be corrected completely. (4) Type off-resonance
no direct exchange between PCr andtRe PCr-to-ATR and corrections were better than tyBecorrections with the 2-2-2
P.-to-ATP, rates can be measured with a conventional two-siteethod and with the creatine kinase reactions. Tym®rrec-
saturation-transfer measurement by saturating AW@R5, 7—

SAMPLE CALCULATIONS

PCr< ATP, < P.

11, 13-19, and corrections for incomplete saturation and off- TABLE 3
resonance effects have been suggestédi3. Measurement  Signal Intensities and Effective Relaxation Rate Constants
of the reverse reactions, from ATRo PCr and R requires a for the P Spin System with Chemical Exchange®

three-site saturation-transfer measureme5( The simu-
lated data assume typical, and T, times in rat brain Z4).

. . Calculated
Those measured relaxation times were not corrected for chem-

w; (57)

. . L value 5 15 40 120
ical exchange, which can cause significant errb6, @nd they
were at 4.7 T rather than 1.5 T, but they provide reasonaliled’, e) 0.9954 0.9607 0.7761 0.2772
values to compare the published and proposed formulds,for ‘ECz(d, e) 0.6422 0.3916 0.3135 0.1779
calculations. Table 2 shows the relaxation times and relatiggzgi' 2)) 8'833‘7‘ 8'8(1)23 8'8812 8'88(1)3
. " o a ~ 1 ) J(c, . . . .
intensities. In additiorkcp = Kep = 0.5 s, PCris 400 rad/s D (¢', e 0.9969 09724 08321 03527
(~64 Hz or 2.5 PPM at 1.5 T) dOWﬂfIE|-d from A-l;%.nd 800 °ED,(c, €) 0.4610 0.3931 0.3515 0.1957
rad/s -128 Hz or 5 PPM at 1.5 T) upfield from,.P 6D, (c, d) 0.3198 0.0732 0.0117 0.0022
Four RF strengths were considered: = 5 rad/s for signif ‘;EDz(d, €) 0.4648 0.0950 0.0145 0.0014
icantly incomplete saturationp, = 15 rad/s for slightly in B¢’ d) 0.9990 0.9908 0.8379 0.6209
lete saturation with small off-resonance effeats= 40 Ec. d) 0.6216 04815 04285 0-3046
comp S5 PE(c, €) 0.2240 0.0326 0.0048 0.0006
rad/s for moderate off-resonance effects; and= 120 rad{s PE(d, ) 0.2240 0.0246 0.0033 0.0004
for large off-resonance effects. TRe. values and the relative °R,. 0.7509 0.7583 0.8089 1.2467
signal intensities with irradiation of two spins or two controf “Ruw 2.0533 2.0800 2.2614 3.8254
PR 0.9007 0.9061 0.9436 1.2861

positions with these, values are summarized in TableThe
amount of Of_r'respn.ance effects can be seen in the 'mens'_t'eSSignal intensities as a fraction of equilibrium intensities were calculated b
with control irradiations, and the completeness of saturatiqOmerical simulation with two spins irradiated or with two control irradiations.
can be seen in the residual intensity when a spin is irradiat&gfective relaxation rate constants were calculated with Egs. [12] and [15].
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TABLE 4

Percentage of Error in Measuring kpe = 0.25s7*
(from ATP, to P;) with Different Formulas

experiments is to look for direct exchange between two site:
In such cases a small amount of direct exchange may &
calculated even if it does not exist (Table 6), so such measur
ments must be interpreted with caution.

©: (5 In a few cases it may be possible to saturate s@irmdE
Method 5 15 40 120 almost completely without significantly reducing the intensity
of spin D, especially with narrow peaks and large chemica
No corrections shift differences 11). In many cases, especially with broad
1 —2r -3 4 17" peaks (shorfT,) or small chemical shift differences, either
1-1 -27 -2 11 69 . X . i o
599 48 15 25 195 Saturation will be incomplete or there will be significant off-
Correction for incomplete saturation resonance effects on sdih Most previous attempts to correct
1-2 5 1 4 17 for off-resonance effects in two-sitet,(5, 7, 9, 13, 1p and
11 0 2 12 69 three-site measurements, 3—5 have neglected the decrease
Of?_‘ri'szonance Co”ecti(?n ot 3 23 195 jn T1er (10, 12, 20 and the nonexponential recovery of longi
1.2 57 4 3 39 tudinal magnetization1Q, 17-19, 2B caused by the RF irradia-
11 _27 ) 13 137 tion. Formulas to correct for incomplete saturation and off-resc
2-2-2 48 12 1 -2 nance effects in a two-site system have been compa®d (
Off-resonance correction ty# All three methods for three-site calculations (1-2, 1-1, anc
1-2 —27 -3 5 0 2-2-2) can give accurate results when corrected for off-resc
1-1° -27 -2 11 111
2-2-2 48 15 20 127
Corrections for incomplete saturation and typeff-resonance TABLE 5
1-2 5 0 —2 -39 Percentage of Error in Measuring kep = 0.5 57
-1 0 2 14 137 (from P; to ATP,) with Different Formulas
2-2-2 0 0 -1 -3
Corrections for incomplete saturation and typeff-resonance o (5
1-2 5 1 5 0
-1 0 2 12 112 vethod 5 15 40 120
2-2-2 0 3 17 127
) ) No corrections
* Previously published formulas. 2_site _51 —10 1 o5
1-22 -61 -15 1 38
1-1 -61 -15 -1 3
tions were better when exchange between ABRd R was 222 _ 48 15 25 195
measured with the 1-1 method. (5) With corrections for incon?—or_rseifzon for '”C°mp'e(;e saturation 0 5 -
plete saturation and off-resonance effects, the 2-2-2 methogl., 0 1 4 39
was similar to or better than the other three-site methods. (6)-1 0 0 2 3
When a rate constant is zero, all three methods may calculat22-2 0 3 23 195
significant nonzero rates, depending on the corrections befd 'Seif:”ance Co”ecgcl’” type 10 5 L
used (Table 6). Lo el 16 4 13
1-1 -61 -15 1 45
DISCUSSION 2-2-2 48 12 1 -2
Off-resonance correction ty@
. -site -51 -10 -1 9
Saturation transfer can be used to measure exchange rai:;2 61 _1s 0 15
constants in a wide variety of reactionig @), including two-  1.4= 61 15 5 3
site systems with spinD and E and three-site systems with 2-2-2 48 15 20 127
spinsC, D, andE. Previously published formulas include EqCorrections for incomplete saturation and typeff-resonance
[20] for the 1-2 method with no correction®)( Eq. [19] for the ~ 2Site 0 0 0 -1
) . 1-2 0 0 -1 -12
1-2 method with typeA off-resonance correction3), and 7 0 1 4 5
Eq. [22] for the 1-1 method with typ8 off-resonance cor- 5.9 0 0 -1 _3
rection (). Corrections for incomplete saturation and typeff-resonance
In the linear three-site system considered here, with no direcg-site 0 0 1 9
exchange between spifisandE, saturation of spiD allowed 12 0 0 3 16
- . - 0 1 4 38
calculation ofkcp, and kep by the two-site formulas. These 599 0 3 17 127

two-site measurements always were similar to or better than
the three-site methods. One application of saturation transfetPreviously published formulas.
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TABLE 6 common experimental conditions, with some incomplete satt

Values of ke (P; to PCr) Calculated with Different Formulas®  ration and significant (but not drastic) off-resonance effects

o) (Tables 4—6).
Method 5 15 40 120 Each of the three methods considered here has advantage:
specific applications. To measure all six rate constants, tt
No corrections 2-2-2 method is fastest and the 1-1 method is slightly slowe
122 0.14 0.05 0.05 0.54 than the 1-2 method (Table 7). To measure a single ra
;:;_2 —g..ig _09'1%4 _0%84 _0.%'34 constant, the 2-2-2 method is the slowest and the 1-1 method
Correction for incomplete saturation still slightly slower than the 1-2 method. The relative accura:
1-2 0.16 0.05 0.05 0.54 cies may change under different conditions. For example, i
11 0.00 0.00 0.03 0.34 measurements at low RF power without the correction fo
2-2-2 0.00 —0.01 —0.07 —058 jncomplete saturation, the 2-2-2 method had the worst acc
Oﬁl'_rzebsonance CO"%CEZ” typk 0.04 0.00 oos TACY forkoe (Table 4) and the best accuracy fa, (Table 5).
11 014 0.04 0.00 _012 The 2-2-2 method has two disadvantages compared to the 1
2-2-2 —0.40 -0.10 -0.01 0.01 and 1-2 methods. First, it does not allow a separate measul
Off-resonance correction typ2 ment of kg, to confirm the measurement &f,:. Second,
-2 0.14 0.04 0.00 —0.05 exchange of spinC or E with other unknown spins will
;:;_2 _8:13 _8 ff —o(.)é%l _oigo interfere with the calculation of all rate constants.
Corrections for incomplete saturation and typeff-resonance All three methods can be understood in terms of Eq. [16]
1-2 0.16 0.04 0.00 —-0.04 Which states thaD, changes linearly witiC, andE,. With the
11 0.00 0.00 —0.01 -0.13 1-2 method, spinC magnetization and off-resonance effects
2-2-2 . 000 0.0 0.00 0.01 are assumed to be constant, so the change inBpiriensity
Corrections for incomplete saturation and typeff-resonance is directly proportional to the change in spintensity (Eq.
ij 8:(1)3 8:83 8j88 0'8_%0 [18]). In contrast, the 1-1 and 2-2-2 methods require solving
2-2-2 0.00 -0.01 -0.07 —0.48 two or three simultaneous equations because €pmagneti-
zation is not constant. This results in more complex formulas
“ Units are s*. The actual value ifec = 0. which also give more information (two or six rate constants

® Previously published formulas.

nance effects and incomplete saturation, although extreme off- TABLE 7

resonance effects may cause significant errors. The slight er-  Number of Measurements Needed for Each Method

rors in the 1-2 method with low, values probably are due to in a Cyclic Three-Site System

small changes i€, during the two measurements. For exam

ple, compareC,(c, d) andC,(c, e) in Table 2. It should be Other intensity
emphasized that these simulations did not consider such factors measurements
as spin—spin coupling, frequency spread caused by poor shim- Double With Without
ming, B, inhomogeneity, noisy data, changes in the sampigethod Relaxation saturation controls controls
over time, difficulties inT, measurements (see below), and the

possible irradiation of a severely broadened peak such Galculation ofkpe

adenosine diphosphate (ADP) in biological systems. Althought2 1 1 1 L
poor shimming can be approximated by changing Theto ;:;_2 é g g g
reflect the total linewidthB, inhomogeneity has more complexXcaiculation of all six rate constants

effects @3). The choice of method will depend on these factors1-2 3 3 6 3
and on the time available and the information desired (sed-1 3 0 9 3
below). 2-2-2 3 3 3 0

The most accurate.formme}s contain an off-rgsonance COMote. The number of each type of measurement needed to measure re
rection and a correction for incomplete saturation. The presnstants by the different methods is shown for a cyclic three-site syster

With thesew, values all three methods had similar accuracy

instead of only one). Actually, the 1-2 method indirectly gives

ferred off-resonance correction, typeor typeB, depends on where each site exchanges directly with the other two sites (see Fig. 1

the exchange being studied, linewidths, and whether transve¥ts@surement of equilibrium magnetizations, needed for each method, are r
magnetization is transferredl.‘() In many cases a small shown. The relaxation measurements (column 2) require saturation of the otf

. T . ins, and the double-saturation intensiti lumn 3 b ired
amount of residual magnetization may not be detected in tgﬁsmns and the double-saturation intensities (column 3) can be acquire

noise, in which case only the off-resonance correction is a@slumn 4) includes single-saturation measurements and control irradiation
plied. The results withw, = 15 and 40 rad/s correspond taand it may be reduced if off-resonance effects are negligible (column 5).

of the relaxation data. The number of other intensity measuremen
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Koe a|ong with kpe. With no off-resonance effects the sum 3. K. Ugurbil, Magnetization-transfer measurements of individual rate

koe + Kpe can be determined fI’OI*ﬁERlD and the total inten constants in the presence of multiple reactions, J. Magn. Reson.

sity drop when spin€ andE are both saturated (Eq. [LOB)( 64, 207_?19 (1985)_' _ _ _

and subtractindoe from this sum vyieldkoc. This calculation # K. Ugurbil, M. Petein, R. Maidan, S. Michurski, and A. H. L. From,
. . Measurement of an individual rate constant in the presence of

assumes that the three-site model is correct and does not

¢ . multiple exchanges: Application to myocardial creatine kinase re-
include all the control data for off-resonance effects, so it may action, Biochemistry 25, 100-107 (1986).

be more accurat? to measikg di_reCtly- 5. P. B. Kingsley-Hickman, E. Y. Sako, P. Mohanakrishnan, P. M. L.
The R, used in these calculations may not equal the-mea Robitaille, A. H. L. From, J. E. Foker, and K. Ugurbil, *P NMR
sured value under all conditions. Although there are several studies of ATP synthesis and hydrolysis kinetics in the intact myo-
ways to measurel, (25), two methods commonly used cardium, Biochemistry 26, 7501-7510 (1987).
for saturation-transfer studies are progressive saturatidh S- Forsen and R. A. Hoffman, Study of moderately rapid chemical
(4, 5,13, 14 and following the decrease in intensity when exchange reactions by means of nuclear magnetic double reso-
. L. : nance, J. Chem. Phys. 39, 2892-2901 (1963).
saturation commences$,(15. With incomplete saturation the 2 3R A 4R G Shul NMR studies of ic rates
o . . 7. J.R. Alger and R. G. Shulman, studies of enzymatic rates in
magnet|zat|9ns of Splr_@ andE arg not c.onstan.t In a progres vitro and in vivo by magnetization transfer, Q. Rev. Biophys. 17,
sive saturation experiment. In simulations this caused a de- g3_124 (1984).
crease in the measurél... On th_e O_ther hand, Stron_g off- 8. R. G. S. Spencer, J. A. Balschi, J. S. Leigh, Jr., and J. S. Ingwall,
resonance effects can cause oscillations when there is a largeatp synthesis and degradation rates in the perfused rat heart:
initial magnetization 10), and inversion-recovery or measur-  *P-nuclear magnetic resonance double saturation transfer mea-
ing the decrease in intensity can lead to erroneous results. ~ surements, Biophys. J. 54, 921-929 (1988). [published correction:
The calculations used here are based on the assumption thaP'oPys: J- 54, after p. 1186 (1988)] -
phase coherence is transferred during chemical exchange, $d‘: M- Brindle, I. D. Campbell, and R. J. Simpson, NMR methods for
thatM, andM, are transferred between sites. It is plausible that studying enzyme kinetics in cells and tissue, in "Biological Mag-
x y . : p netic Resonance” (L. J. Berliner and J. Reuben, Eds.), pp. 81-127,
phase coherence could be lost during an enzyme-catalyzedpienym, New York (1987).
rgactlon. In these_ cases the signal intensities would be shghﬂy P. B. Kingsley and W. G. Monahan, Effects of off-resonance irra-
different, and this could increase or decrease the errors in diation, cross-relaxation, and chemical exchange on steady-state
measuring rate constants, as shown for the two-site dd3e ( magnetization and effective spin-lattice relaxation times, J. Magn.
The results also will be slightly different if saturation is Reson. 143, 360-375 (2000).
achieved by a train of RF pulses instead of a continuous RF P B. Kingsley and W. G. Monahan, Corrections for off-resonance
irradiation @, 13_ If T, is |0nger, moreM, andMy are trans eff(_acts and |nco‘mp‘Iete saturation in conventional (two-site) satu-
f . - . . ration-transfer kinetic measurements, Magn. Reson. Med. 43, 810—
ferred from an irradiated spin, and the relative accuracies of 819 (2000)
type A andB off-resonance correctpns maY Ch.ang'&)( 12. J. R. Potts, K. Kirk, and P. W. Kuchel, Characterization of the
These methods also Can. be aPIO“Ed.tO S'tuat'Q“S where Sp'ntransport of the nonelectrolyte dimethyl methylphosphonate across
C undergoes cross-relaxation with spibsand E instead of the red cell membrane, NMR Biomed. 1, 198-204 (1989).
Chemmal exchange. Such cross-relaxa'uon may have 'nterfeigdA. Horska and R. G. S. Spencer, Correctly accounting for radiofre-
with attempts to measure rotation about the C—N bond in quency spillover in saturation transfer experiments: Application to
N,N-dimethylacetamide 26). Cross-relaxation and chemical  measurement of the creatine kinase reaction rate in human forearm
exchange have identical effects th, exchange, buM, and muscle, MAGMA 5, 159-163 (1997).
M, do not exchange during cross-relaxatidt0)( The off- 14. A. Horska and R. G. S. Spencer, Measurement of spin-lattice
resonance effects will be slightly different with cross-relax- 'elxation times and kinetic rate constants in rat muscle using
. . . . progressive partial saturation and steady-state saturation transfer,
ation than with chemical exchange, so the errors with strong Magn. Reson. Med. 36, 232-240 (1996).

RF fields will be slightly different 11). 15. R. G. S. Spencer, A. Horska, J. A. Ferretti, and G. H. Weiss,

Spillover and incomplete saturation in kinetic measurements, J.
Magn. Reson. B 101, 294-296 (1993).
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