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Generation of lmpossi ble Cross-Peaks Between 
Bulk Water and Biomolecules in Solution NMR 

Warren S. Warren, Wolfgang Richter, Amy Hamilton Andreotti, 
Bennett T. Farmer II 

Intermolecular multiple-quantum coherences between bulk water and a glycoprotein frag- 
ment at modest concentration (20 mM) have been experimentally produced and detected, 
although such coherences are inconceivable in the normal theoretical framework of nuclear 
magnetic resonance. A density matrix treatment explains these results by including the 
long-range dipolar interaction between spins and by discarding the high-temperature 
approximation. These results imply that peak intensities (critical for structural determina- 
tions) can be distorted in many gradient experiments, and show that magic-angle gradients 
provide substantial improvements with reduced gradient strengths. They also suggest 
methods for contrast enhancement in magnetic resonance imaging. 

Nuclear magnetic resonance (NMR) is an 
extremely versatile form of spectroscopy, in 
patt because commercially available spec- 
trometers can generate exceedingly com- 
plex pulse sequences. More importantly, 
however, quite sophisticated theoretical 
tools have been developed over the last half 
century. It is really the ability to predict the 
effects of dozens or hundreds of radio-fre- 
quency (RF) and field gradient pulses on 
complex samples (such as proteins) which 
has made NMR so valuable for structural 
studies in solution (1). 

It was thus disconcerting to see that - 
NMR spectra of even a sample as simple as 
pure water can differ greatly from these 
predictions (2-4). If the water is placed off 
resonance by an amount Aw, the normal 
theory of NMR or magnetic resonance im- 
aging (MRI) predicts that the only evolu- 
tion freauencies will be Aw (from the trans- 
verse magnetization M, or My precessing in 
the static magnetic field) or zero (from the 
longitudinal magnetization M,) (5). In- 
stead, two-dimensional (2D) NMR spectra 
can show strong and unexpected peaks at 
frequencies nAw in the indirectly detected 
dimension (2-4). Such frequencies are gen- 
erally associated with multiple-quantum co- 
herence~ (superpositions of two eigenstates 
of the spin system, separated in energy by 
more than one spin flip). In fact, one of the 
most powerful techniques for isolating mul- 
tiple-quantum coherences [a coherence 
transfer echo (6), which uses two gradient 
pulses in a l :n  length ratio to isolate 
n-auantum coherencesl uroduces intermo- . . 
lechar cross-peaks (4). These peaks survive 
all of the experimental tests that would 
distinguish multiple-quantum coherences 
from spectrometer artifacts. 
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We show here that extremely simple 
pulse sequences generate intense intermo- 
lecular cross-peaks between bulk water and 
a fragment of the glycoprotein fibronectin 
at modest concentration, even though such 
coherences are not predicted in normal 
NMR theory. We also present a conven- 
tional density matrix calculation (with two 
critical additions) that predicts the ob- 
served strong intermolecular multiple- 
quantum cross-peaks when at least one 
suecies is concentrated. First. we discard 
the normal high-temperature approxima- 
tion [p,, = 1 - (?BOP) I,] where p,, is the 
equilibrium density matrix, y is the gyro- 
magnetic ratio, Bo is the applied static 
magnetic field, P is the reciprocal of the 
product of Boltzmann's constant and tem- 
perature (thermal energy), and I, is the 
magnetization in the z direction]; even the 
first neglected term [(yBoP)Iz]Z/2 generates 
zero-quantum and two-quantum coherences 
after a single pulse. In addition, we explic- 
itly retain the dipole-dipole interaction be- 
tween spins separated by distances greater 
than diffusion lengths on an NMR time 
scale (-10 km). At first glance, both of 
these modifications seem irrelevant; the 
additional factor of (?BOP) in front 
of the two-quantum term would seem to 
justify truncation, and the dipole field gkn- 
erated by a single proton is less than 10-l6 
T at 10 Fm. However, there are 
different pairs of spins in a typical 1-ml 
samule. We will show that the combination 
of these two effects can transfer intermolec- 
ular multiple-quantum coherences into ob- 
servable magnetization and produce signals 
comparable in size to the magnetization 
generated by a single pulse. We also discuss 
the implications of these results for NMR 
structural determinations and for MRI. 

We will restrict our attention here to one 
pulse sequence (Fig. 1) that has two strong 
RF pulses and two 7-gradient pulses of un- 
equal lengths (4). This can be viewed as the 
simplest 2D experiment [a correlated spec- 

troscopy (COSY) sequence (I)] modified to 
select two-quantum coherences during time 
t,. We call this a CRAZED sequence 
(COSY revamped with _asymmetric 5-gradi- 
ent echo detection), in part because, to an 
experienced NMR spectroscopist, it looks 
crazed; in the standard density matrix for- 
malism (I) ,  a CRAZED sequence must give 
blank spectra because COSY sequences do 
not produce two-quantum coherences dur- 
ing t,. 

Nonetheless, this sequence gives large 
simals in concentrated solutions. We have - 
previously published (4) a variety of 
CRAZED exueriments on concentrated so- 
lutions of molecules with only equivalent 
spins in each molecule (such as water, ben- 
zene, chloroform, or acetone). A mixed 
sample (such as benzene and chloroform) 
gives the normal two-line spectrum in the 
directly detected (F,) dimension, but nei- 
ther of the normal transition frequencies 
appears in the indirectly detected (F,) di- 
mension (4). Instead, we see strong peaks at 
twice the benzene frequency, twice the chlo- 
roform frequency, and the sum of the ben- 
zene and chloroform frequencies-as expect- 
ed for the three conceivable (but normally 
unobservable) two-auantum coherences in- 
volving two spins of different molecules. All 
of the observed uhase shift. diffusion. and 
gradient echo properties are those expected 
for multiple-quantum coherences (7). 

In fact, only one of the species in solu- 
tion needs to be concentrated to see these 
effects, which implies that they can be 
important for biomolecules in water. Figure 
2 shows the 600-MHz CRAZED suectrum of 
a 20 mM solution of a fibronectin fragment 
in water. This glycosylated hexapeptide rep- 
resents the minimal structural requirement 
for monoclonal antibody (FDC-6) recogni- 
tion of fibronectin in fetal and malignant 
cells (8). In this spectrum, the water peak 

is at frequency vHZo = A w / 2 ~  = 530 Hz 
below resonance (-0.88 ppm). Again, the 
spectrum should be blank. Instead, an in- 
tense water peak plus glycopeptide reso- 
nances are seen in the directly detected (F,) 
dimension (no solvent suppression was at- 
tempted here). However, virtually no diag- 
onal (F, = F, or F, = -F,) peaks survive 
anywhere in the spectrum; in fact, no peaks 
in F, appear at the frequencies of the water 
or glycopeptide resonances. A double-quan- 
tum water resonance does survive (F, = 
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-2uHI0 and F, = uHZO), as expected from 
earlier work. In addition, most of the glyco- 
peptide resonances show peaks at F, = - (F, 
- 530 Hz), the predicted frequency of a 
heteromolecular two-auantum coherence in- 
volving water and glycopeptide. Finally, the 
normal COSY svectrum has cross-veaks in- 
duced by J couplings; similar peaks, again 
shifted by the water frequency, are seen in our 
spectra. The gradient pulse length T was 
varied from 1 to 10 ms with generally similar 
results. 

The CRAZED sequence is presented here 
as the simplest example of an extremely 
general phenomenon. We find extra peaks 
after many different pulse sequences that use 
unequal-length gradient pulses (a common 
technique for solvent suppression). Placing 
the water peak exactly on resonance, as is 
commonly done in biological applications, 
makes them overlap with other, expected 
cross-peaks and diagonal peaks. However, in 
this case they still distort intensities. Peak 
intensities [particularly from nuclear Over- 
hauser effect (NOE) experiments] play a 
crucial role in NMR structural determina- 
tion, so such distortions can lead to incor- 
rect data interpretation. 

For simplicity, we will focus first on using 
the density matrix formalism to describe the 
CRAZED spectrum of the solvent peak 
alone. Any system with only equivalent 
protons (such as water or benzene) is iden- 
tical because the J coupling can be ignored. 
The full Hamiltonian between RF pulses (in 
the usual "rotating frame") is: 

N 

(Aw + yGs) XIzi 
i =  1  

for r,. > rcUtoff; otherwise Di = 0. Here h is 
Planck's constant divided by 2 ~ ,  Irlij is the 

Fig. 1. A CRAZED pulse sequence. This se- 
quence can be viewed as a two-pulse COSY 
sequence modified to include a pair of gradient 
pulses as a coherence transfer echo. The ob- 
servable magnetization (I,, or I,) comes entirely 
from one-quantum operators. The 1 :2  length 
ratio of the two gradient pulses guarantees that 
only coherences that evolved as two-quantum 
operators during t ,  will be refocused. 

separation between spins i and j, and 0,. is 
the angle the interspin vector makes with 
the applied static field BO1. N is the number 
of spins in the sample, G is the strength of a 
pulsed gradient of the z magnetic field which 
is directed along some arbitrary direction I, 
and s = r.$ gives the distance from the origin 
along the s direction; this term is only 
present when the gradient pulses are on. For 
the experiment in Fig. 2, I = 2. 

The Dij terms in Eqs. 1 and 2, which 
reflect the interaction between magnetic 

made nonuniform (by gradient pulses), 
this angular cancellation does not hold 
and dipolar effects can reappear. 

One way to handle this effect is to 
modify the Bloch equations by a mean-field 
approximation [the "dipolar demagnetizing 
field" Bd(r) (9-1 4)] which replaces individ- 
ual spins with the local average magnetiza- 
tion. The magnitude (in angular frequency 
units) of this field is -yp$vi,; in our 
previous paper using this treatment (4) we 
defined (yp,Mo)-' as the "dipolar demag- 

dipoles, are orientation dependent and netizing time" 7,; for water at room temper- 
thus are usuallv assumed to be averaged ature in a 600-MHz svectrometer, T, = 70 
away by diffusion (in our notation, T , ~ , , ~  ms. However, the modified   loch eiuation 
+ m). However, this averaging cannot treatment generates equations of motion 
occur for spins separated by more than the that violate Schrodinger's equation-the 
distance molecules can travel by diffusion on propagator depends explicitly on the initial 
an NMR time scale (-10 pm for small state of the system (4). It also does not 
molecules). The parameter rCutoff clearly de- appear to agree with experimental results 
pends on the diffusion constant and the from more complex sequences (4) (more 
separation between pulses, but none of our than two pulses). 
final results will depend on the exact value. A density matrix treatment is far more 

The retained individual couplings are general. The equilibrium density matrix is 
verv small because the divole-divole inter- (where If indicates lab frame): 
action falls off as lrlij-3. However, the 
total number of spins at a given distance Peq = exp( - pXlf)lTr[exp( - pxlf)l 

Irl is vrovortional to Ir12: so if it were not (3) 
i L 

for the angular averaging, the total inter- The energy separation between spin states 
action energy between one spin and all of (hwo) is small compared to the thermal 
the spins at a fixed distance Irl would only energy P-' at room temperature; for protons 
fall off as llr. For an infinitely large Sam- in a 600-MHz spectrometer, Phwo = 
ple, this sum diverges-the contribution This leads to the conventional (high-tem- 
made by spins between, for example, 1 and perature) power series approximation (1): 
3 mm from any given spin is just as large as N 

the contribution made by spins between 1 
and 3 pm or 1 and 3 nm. Fortunately, the Peq 2 - ~ ( { 1 -  Phwo i =  x r z i }  1 

angular dependence makes this sum van- 1 N N  

ish for an isotropic distribution ( < 3  cos20 + (phoo)2 x ~ I ~ ~ I ~ ~  + . . .) (4) 
- 1 > = 0). If the spatial distribution is i = l  j = 1  

Fig. 2. (A) CRAZED spectrum of a 20 mM solution of the fibronectin fragment in water. The first 
gradient pulse was 1 ms long, with amplitude 6 G cm-I. Joint solute-solvent two-quantum 
coherences are seen from most of the glycopeptide peaks. (6) Expanded view of a small portion of 
the spectrum showing the amide protons. Note that the Tyr aromatic doublets at F2 = 6.85 and 7.15 
ppm (coupled in the normal COSY) produce both two-quantum water-peptide coherences (F, = 
-F2 + 0.88 pprn) and doublets of cross-peaks between each other. 
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The term in curved brackets in Eq. 4 is the 
starting point for essentially all work in 
high-resolution NMR. In fact, however, it 
has long been recognized that truncation to 
the bracketed term in Eq. 4 is not trivial to 
justify (15). The spin operator I, = XIzi has 
eigenvalues ranging from Nl2 to -ND, 
which differ in energy by N h o .  For 1 ml of 
water, N = 7 x loz2, SO N h O  > > kT. Of 
course, most of the eigenstates have nearly 
equal numbers of spins up and down; the 
actual (binomial) distribution of eigenstates 
is approximately Gaussian with a = fl. 
However, uhoo  >> p-' as well. A more 
careful analysis shows that truncation is 
valid as long as the correlations between 
states separated by energies at least compa- 
rable to p-' are unimportant. Such states 
involve 104 or more spins, and thus ignor- 
ing them sounds quite reasonable-until 
one recognizes that each spin is coupled to 
N other spins in Eq. 1. In addition, each of 
the N2 (-lo4') terms IZiI,. in Eq. 4 is 
comparable in size to I,. 

We now show that the combination of 
the long-range dipolar couplings in Eq. 1 
and the additional terms in Eq. 4 can 
contribute significant signals (although nei- 

tker term contributes much by itself). The 
density matrix derivation is straightforward 
starting from Eq. 1 and 4, so it will merely 
be outlined here (and illustrated schemati- 
cally in Fig. 3). After the first (fl), pulse, 
the density matrix is: 

into an observable signal during t2. 
Calculating the exact evolution under a 

normal dipolar Hamiltonian can be quite 
difficult. Fortunately, the calculation is sim- 
plified dramatically in our case because all 
of the retained dipolar couplings are ex- 
tremely small. The sum of the absolute 
values of all of the couplings from a single 
spin (say spin 1) to all others 

N 

j =  1 

can be enormous, as noted earlier, but 
The (normally neglected) third term of Eq. 
5 contains twoquantum and zero-quantum 
operators that evolve during the delay t, 
(producing terms such as I,$,.). The next 
.Im pulse transforms such terms into two- 
spin, one-quantum operators such as IyiId. 
The two gradient pulses in the CRAZED 
sequence in Fig. 1 act as a twoquantum 
filter; observable signals come only from 
two-quantum operators in t, that are trans- 
lated into one-quantum operators by the 
second pulse. Finally, the Hamiltonian has 
bilinear operators such as DGIn'Id; because 
[IyiId, IziId] a Ie, these dipolar couplings can 
convert two-spin, one-quantum operators 

is far smaller. Thus the largest contribution 
by far to the observable signal will come 
from terms that only use a single dipolar 
coupling to get to the observables I, or b 
(as illustrated in Fig. 3). Since at least one 
dipolar coupling will be needed during t2 to 
produce the observable signal, this means 
we can ignore the dipolar couplings during 
t,. The result is: 

cos (yG(si - sj)T) 
- (Iyi + IYj)c~s(2Aotl)cos(yG(si - s,)T)] 
x exp(iAot21,) ( + unobservable terms) 

(6) 
The magnitude of this CRAZED signal, 

written as a fraction of the signal produced 
by the full sample magnetization after a 
single ~ / 2  pulse [p = 2-N (phoo)Ix] is: 

( phm, tenn in p 1 I I 
Equllib~ After d 2  C LOy-range 

Number of pulse tn mlar ~nteraction 

? n 4 " .  0 1 2  n 4 9  

I 
:oherence 
~nsfw echo 
n  I 

where we have re~laced the double sum 
with N times the suk over the second spin, 
fixing i = 1 and 2, = 0 for convenience. 
Equation 7 still appears to be a small signal 
because it has the term phoo = 
Appearances are deceiving. The sum in Eq. 
7 can be replaced by an integral over the 
sample volume u: 

(plus ze 

Fig. 3. Schematic illustration of the dominant pathway for generating observable signals from a 
CRAZED sequence. Black dots illustrate operators that are not spatially modulated. The black 
square represents the one-spin, one-quantum operators I, and I,, which are observable. The 
pho,l, term in the equilibrium density matrix is a sum of one-spin, zero-quantum operators, which 
are turned into an observable signal during t, by the first pulse. However, the coherence transfer 
echo imposes a strong spatial modulation on these operators, and they do not generate an 
observable signal during t,. The (phoo1J2 term, on the other hand, gives a two-quantum operator 
during t, (plus a zero-quantum operator that is omitted for clarity). The fraction of this two-quantum, 
hnro-spin operator which is transferred to one-quantum, two-spin operators by the coherence 
transfer echo is only mildly modulated. The dipolar couplings can then act to create an unmodu- 
lated, one-spin one-quantum Operator (observable magnetization). The quantitative calculation in 
the text shows that very large signals are possible. 

Equation 8 eliminates the extra factor of 
pho0 by introducing Mo, the equilibrium 
magnetization per unit volume. The quan- 
tity (y ~&4, ) - '  is the "dipolar demagnetiz- 
ing time" T~ as noted above. The integral 
must be calculated over the entire sample 
volume, minus a sphere with radius rCumfl 
from the origin. In the absence of the cos 
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(yGsT) term, it would vanish for a spheri- 
cal sample. Figure 4 graphs the function 
F (yGTr) , defined as: 

cos (yGsT) (r2 sin 0) d0 d+ 

where A = 13 (6.2)2 - 1112: the bulk of the . > ,  . , 

signal comes from the range yGTr = 2 to 4. 
This result is easy to understand-when 
yGTr < < 1, the gradient is so small as to 
be unimportant, and the angular average 
makes the integral over 0 and + vanish; 
when yGTr > > 1, angular averaging is also 
effective. 

The full integral in Eq. 9 can be solved 
numerically for any sample geometry, but is 
particularly simple at the center of a spher- 
ical samole of radius R. If YGTR >> 1 
(meanin; the gradient puise is strong 
enough to dephase the bulk magnetization) 
and yGrcUtofiT < < 1 (meaning the gradient 
pulse has little effect on a micrometer scale) 
we effectively just integrate Fig. 4 to get: 

x (r2 sin 0) dr d0 d+ = - 8.4A (10) 

This limit is easy to achieve in practice. 
Combining Eqs. 8 and 10 gives: 

CRAZED signal = 0.25 t2A/7, (11) 

Equation 11 is a remarkable result. For t, 
= 7, the signal is comparable to the normal 
magnetization of the sample for a concen- 
trated species (such as the solvent peak). 
The extra factor of phoo = lov4 has disap- 
peared into the dipolar demagnetizing time 
T ~ .  The observable signal is proportional to 
t, for small values oft,, but independent oft, 
and G (if the gradient pulses are short and 
yGTR > > 1). The G independence can be 
understood from Fig. 4, which shows that 
the major contribution to the integral comes 
from distances between roughly 2/yGT and 
4IyGT. If G were doubled, the average 
dipolar coupling to this region would grow 
by a factor of 8 (I/?); but the volume of the 
region would fall by a factor of 8. 

Predictions of the t, and t2 dependence 
are borne out experimentally for z-gradients 
(A = 1). The derivation above includes 
some approximations. The most important 
limitation is the perturbative expansion in 
t,; terms that come in to higher powers of t, 
will of course eventually destroy the mag- 
netization. However, experiments (Fig. 5) 
show that the range of validity of this 
expansion is comparable to T,, which is 

yGTr (radians) 
Fig. 4. The function F(yGTr), which gives the value of the integral in Eq. 9. Physically, F(yGTr) is the 
effectiveness of the long-range part of the dipolar Hamiltonian in transferring coherence from slowly 
modulated two-spin operators such as I,,/, cos [yG(s, - sJT]  in the shell at radius r into observable 
magnetization. 

-80 ms for this sample (80% H20) .  
Note that magic-angle gradients (A = 

0) are predicted to eliminate these effects 
completely, at least for this simple se- 
quence. We have also verified this experi- 
mentally. Such pulses will remove a variety 
of "artifacts" from 2D sDectra that were 
derived and analyzed without regard to the 
long-range dipolar interaction. For exam- 
ple, magic-angle gradients will give signifi- 
cantlv better solvent suooression. 

A A 

The advantage of a density matrix for- 
mulation is that it is readily extended to 
include complications such as mixed solu- 
tions, ranges of chemical shifts and J cou- 
plings, or more complex sequences in a 
straightforward way (1 6). For example, sca- 
lar cou~lings can be introduced into Ea. 1 . - 
in the usual way. This explains the exis- 
tence of COSY-like peaks in Fig. 2 which 
are symmetric about the "pseudo-diagonal" 
F, = -F2 - uHlo. If there is more than one 
resonance freauencv-either Drotons with . , 
different chemical shifts (such as methyl 
acetate or a benzene-acetone mixture) or 
different nuclei (such as 13C and 'H), the 
Hamiltonian includes an additional cou- 
pling between the spins of the form Dij 
(21ZiSZj), which looks like the normal het- 
eronuclear dipole-dipole interaction, and is 
appropriate even if both species are protons 
because all of the dipolar couplings are very 
small. This is equivalent to.the "first-order 
s~ectrum" a~oroximation made to truncate . . 
the scalar coupling if it is small compared to 
the chemical shift differences. 

The equilibrium density matrix now has 
N-M terms of the form IziSZi, which are 
rotated into IXiSx, by a single ~ / 2  pulse. 
These terms evolve at the sum (two-quan- 
tum coherences) and difference (zero-quan- 
tum coherences) of the chemical shifts.The 
two-quantum term survives the coherence 

transfer echo (exactly as before) when the 
second ~ / 2  pulse creates operators such as 
IZjSyi. Finally, the dipolar couplings act 
during t, to transform these operators into 
Sxi or I,,. Except for a small difference in the 
numerical coefficient (which scales down 
production of I,, and I,, by a factor of 2/3), 
the derivation of these effects is identical to 
what we have oresented. We thus oredict. 
as observed experimentally, that we can 
generate two-quantum cross-oeaks between - 
solute and solvent comparable in size to the 
solute magnetization. As long as the sol- 
vent is concentrated, the solute concentra- 
tion is irrelevant; so even a dilute molecule 
(such as the glycopeptide in Fig. 2) can give 
substantial cross-peaks. 

We ignored evolution during the gradi- 
ent pulses in deriving Eq. 11. During the 
gradient pulse the coupled spins have dif- 
ferent resonance frequencies, so the Zee- 
man and long-range dipolar Hamiltonians 
do not commute. This com~licates the 
separation of the effects of these two terms 
(16), but we can approximate the correct 
result as follows. If the two parts of the 
Hamiltonian did commute, the dipolar cou- 
plings would be just as effective during the 
second gradient of length 2T as in the 
interval t,, and t, in Eq. 11 should be 
replaced with (t, + 2T). If the resonance 
frequency difference allowed many cycles of 
evolution, we should replace the full dipo- 
lar Hamiltonian 31z,Id - &.Ij with the 
truncated version 21Z,Id during that pulse, 
and this scales down the rate of CRAZED 
signal generation by a factor of 213 during 
the 2T gradient pulse. Thus 

0.25(t2 + 1.33T)A/~, I CRAZED signal 

Experimentally, the intercept is approxi- 
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Fig. 5. Time-domain slice S(t , = 2.5 ms, t,) of 
the CRAZED spectrum in Fig. 2. Note the rapid 
growth of the signal after the gradient pulses 
end. The experimental data confirm the predic- 
tions of EQS. 11 and 12. 

mately tz = - 1.8 T, in agreement with Eq. 
12. Experimentally the slope is also nearly 
independent of t, and the length of the 
gradient pulses. The signal for t, = t2 = 0 
in a Bloch eauation treatment (4) is 0.5 > ., 

TA/T,, which agrees perfectly with the up- 
oer limit in Ea. 12 above but is somewhat 
larger than we observe. Long gradient puls- 
es modulate the magnetization on a dis- 
tance scale comparable to diffusion lengths, 
and the signal decreases dramatically (1 7). 

We have seen zero-. three-. or four- 
quantum coherences as well by altering the 
ratio of the eradient oulse leneths. A 1:3 - - 
ratio of gradient pulses in Fig. 1 (three- 
auantum selection) gives the dominant , - 
peak at (F, = -3uHZ0, FZ = uHZ0), and a 
"pseudo-diagonal" of glycopeptide reso- 
nances, all with F, = -F2 - 2uHz0. These 
are all three-quantum resonances, involv- 
ing two water protons and one glycopeptide 
peak. These effects arise in a density matrix 
treatment from terms ~rooortional to hieh- . A - 
er powers of PRo, in p,,. Three-quantum 
operators are produced when the next term 

r N N N  1 

is rotated by the first pulse. A three-quantum 
gradient filter in a CRAZED experiment 
would save these coherences. which are 
transformed into observable magnetization 
during tz by the second commutator with the 
dipolar Hamiltonian. Thus the signal will be 
proportional to tzZ. The next term [propor- 
tional to ( p h ~ , ) ~ ]  gives four-quantum co- 
herence~. Thus, for all practical purposes, 
the power series expansion in Eq. 4 does not 
converge. Ordinarily (in dilute samples), the 
extra terms which are ignored by the con- 
ventional high-temperature approximation 
never become observable signals, so the 
approximation leads to reasonable results. If 
one soecies is concentrated. and eradient - 
echoes are used, the dynamics is far richer 
and more complex-an important subtlety 
which has been ignored until now. 

Our treatment explains many common 
observations about NMR of proteins in water. 
For example, it is well known in the biological 
NMR community that putting the water peak 
off resonance "overloads the spectrometer" 
and produces "distortions." In fact, all that 
does is separate these additional resonances 
from the expected peaks. Even when the 
water is on resonance, these multiple-quan- 
tum peaks change peak intensities and de- 
grade the apparent performance of a coher- 
ence transfer echo. It is also common practice 
to use massive gradient pulses (for example, 1 
ms at 30 G cm-') for good water suppression 
or heteronuclear 'H-13C coherence transfer 
echoes. Such a pulse dephases a 1-cm sample 
by more than 700 radians across its length, 
and would seem excessive. In fact, weaker 
pulses do not work as well. With such gradi- 
ent pulses, the pitch of the magnetization 
helix becomes smaller than the diffusion 
length, so the intermolecular multiple-quan- 
tum peaks fail to refocus. In the heteronuclear 
'H-13C case, an additional effect contrib- 
utes-the 1 :3.978 ratio of pulse lengths need- 
ed is perilously close to the 1 :4 ratio that saves 
the four-quantum peak of water, and thus the 
water peak must be made extremely "sharp" 
with a strong gradient for solvent suppression 
to work. 

If magic-angle gradients are used, far weak- 
er gradient pulses will perform well, with 
significant simplifications in hardware and 
reduction in settling artifacts. Thus, we be- 
lieve that the nearly universal practice of 
using z-axis gradient pulses in concentrated 
solvents should be terminated, unless the 
experimenter is actually interested in produc- 
ing these additional resonances (or can totally 
dephase the solvent magnetization in other 
ways). For existing pulse sequences, derived 
without taking the dipolar interaction into 
account, this precaution should restore confi- 
dence in the interpretation of intensities from 
cross-oeaks. 

Much remains to be investigated, both 
theoretically and experimentally, but enhanc- 
ing these extra resonances may well be useful 
in certain applications. Because the dipolar 
interaction between spins at the same fre- 
quency (31,1zj - 4.J.) has different symmetry 
properties than does the truncated version 
21,1zj appropriate for spins at different fre- 
quencies, it should be possible to detect water- 
biomolecule two-quantum coherences with- 
out interference from water-water two-quan- 
tum coherences (for example, by a dipolar 
line narrowing sequence or by magic-angle 
spinning with gradient pulses). It may also be 
true that nonlinear gradients will be useful in 
amplifying these coherences. 

Finally, we note a potentially important 
application of these effects in magnetic reso- 
nance imaging. Multiple echoes have previ- 
ously been observed in imaging experiments, 
but the spatial localization of these signals 

cannot be appreciated from a Bloch-equation 
treatment (which essentially assumes an i d -  
nitely large sample). Our density matrix treat- 
ment shows that the signal comes directly 
from pairs of spins separated by approximately 
one-half turn of the magnetization helix (see 
Fig. 4). This distance can be adjusted to any 
value from = I  pm on up by varying the 
gradient strength and length. Thus, for ex- 
ample, the intensity of a two-quantum peak 
between water and a dilute molecule inside a 
cell or vesicle would directly measure the 
radial distribution function of the water con- 
centration, and this might correlate with 
local structural abnormalities. 
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