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Abstract: We studied the physical processes and the chemical reactions involved in magnetization transfer
between water and large proteins, such as collagen, in bovine Achilles tendon. Since the NMR spectrum
for such proteins is broadened by very large dipolar interactions, the NMR peaks of the various functional
groups on the protein cannot be separated from one another on the basis of their different chemical shifts.
A further complication in observing the protein spectrum is the intense narrow peak of the abundant water.
Thus, magnetization transfer (MT) within the protein or between water and the protein cannot rely on
differences in the chemical shifts, as is commonly possible in liquids. We present a method that separates
the protein spectrum from that of the water spectrum on the basis of their different intramolecular dipolar
interactions, enabling exclusive excitation of either the protein or water. As a result, the protein spectrum
as well as the effect of spin diffusion within the protein can be measured. In addition, the MT rates from the
protein to water and vice versa can be measured. Two types of mechanisms were considered for the MT:
chemical exchange- and dipolar interaction-related processes (such as NOE). They were distinguished by
examining the effects of the following experimental conditions: (a) temperature; (b) pH; (c) ratio of D,O to
H20 in the bathing liquid; (d) interaction of the protein with small molecules other than water, such as
DMSO and methanol. Our results lead us to the conclusion that the MT is dominated below the freezing
point by the dipolar interaction between the protein and water, while an exchange of protons between the
protein and the water molecules is the most significant process above the freezing point. On the basis of
the fact that the spin temperature is established for the protein on a time scale much shorter than that of
the MT, we could measure protein spectra that are distinguished by the contributions made to them by the
various functional groups; i.e., contributions of methylenes were distinguished from those of methyls.

Introduction on the protein cannot be separated from one another and are

The role of proton exchange between water and proteins hasmhasked b_y the g]tense water peaka Conse_quently, MT \lNlth'n
been the subject of extensive research over the past few yearsgl,; protem.orh et\t/1veer.1 vlvathe; an .proteln calnnot regl on
The interaction between collagen and its water of hydration is I'I ?&e”‘ﬁf nt ;C enfuca shi t,S’ af/lf? commonly pthS| ehln
of special importance since the mechanical properties of Iquids. The probleém of measuring In systems where the

connective tissues such as cartilage, tendons, and ligaments argpectrum IS brogdened by _d|polar mteractlon_s is usually dealt
dependent upon this interaction. with by measuring saturation transfe® In this method, rf

Selective excitation of either the protein or water is required power 1S applied off the water resonance, causing f[he broad
in order to measure the rate of magnetization transfer (MT) protein spectrum to become saturated. An attenuation of the

between water and the protein in tissues, such as a bovineVater peak is observed as a result of MT to water. Analysis of
Achilles tendon. For solutions containing small proteins, the the results of this method requires the subtraction of the effect

methods implemented for selective excitation had been basedor:c thlg rf 02 the wa:‘ter peak agd ;elrges on%grllon rl]mowledge of
upon technigues used to study proton exchange in quuidst e line shapes of water and of the protein.In the current
wherein the NMR peaks of various functional groups and water (1) wolf, S. D.; Balaban, R. SMlagn. Reson. MedL989 10, 135.

ot ; B f ; f (2) Eng, J.; Wolf, S. D.; Berkowitz, B. A.; Balaban, R. Broceedings of the
could be distinguished by their different chemical shifts, Society of Magnetic Resonance in Medicine Eighth Annual MeeitB&

enabling measurement of exchange rates between the various 1, 213. ' '
functional groups and water. For large proteins, such as collagen, () fenkelman, R. M. Stanisz, G. J.; Graham, SNMIR Biomed2001, 14,

however, the NMR spectrum is broadened by very large dipolar (4) Her(ljkeléganézR. “32 Stanisz, G. J.; Kim, J. K.; Bronskill, MMagn. Reson.

; ; ; ; : Med. 1994 32, 592.

interactions while the abundant water §|gnal is parrowed by (5 Henkelman, R. M.. Huang, X.; Stanisz, G. J.; Xiang, Q.-S.; Swanson, S.
motion. Thus, the NMR peaks of the various functional groups D.; Bronskill, M. J.Magn. Reson. Medl993 29, 759.
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90%, ©O¢ Op, 90%, Po are expected to be much shorter than those of water and they

¢ also relax on a time scale that is much shorter than the chemical

/2 Mo /2 Mt (acq., pg)
exchange between water and exchangeable protons on the
protein%-12 Thus, it is impossible to observe the formation of
single quantum coherences of the protein by chemical exchange
with water and vice versa. However, given that the relaxation
times of the longitudinal magnetization can be long for both
water and the protein, the reconversion of the DQF signal to
figure l(-) ;VIQFC-jNéT pulse S_eqluer}che Whﬁre MQF is ﬁQF, DQF& or TQF its initial state (aligned along the magnetic field) enables the
or p=0, 2, and 3, respectively. The coherence pathways usedpvere . - .
Oor2forl = 2 andp = 3 for | = 3.0 = 45°, f — 90 for p= 0: 6 = § plgtecﬂon of chermcal exghange betwegn Wat'er :.jlr?d 'prot.e|.n. It
=90 for p=2; 0 = 90°, B = 63.4 for p = 3. A phase cycling of 12 is important to notice that in the above discussion it is implicitly
itepgg.}/as usedfféof”j x 180/, 2 = j IS%TSIICP/I + k6< 90° + (60 90; = assumed that only a single proton is exchanged between a single
X + m x + @c, pa=m x ,p5 =0% gpr=( + k+ - [P

m) x 180 for p = 2, 3 andgr = k x 180 forp =0 (. m=0, 1, 2, .., water molecule.anc'i the protein. For the longitudinal component
20— 1,k=0,1, 2, 3),¢c = 90° for p=0, 3 and O for p = 2. of the magnetization, it was shod! that the following
evolution matrix describes quantitatively the MT process:

work, we present a method that avoids these difficulties. Our

gﬁethod separates th_e protelr_1 spectrum_ from that of the_ water eV g e VT b(e“m* _ e—t/T1+)
pectrum on the basis of their different intramolecular dipolar +

interactions, thereby making it possible to excite either the p_Wb(eftlTl, _ eftlTH.) a e T 4 ag‘_eftlTl,

protein or the water independently. This enables MT from the Pp -

protein to water and vice versa to be detected directly without T T

any need for modeling. The question of spin diffusion and the Mzp= M (t=0)(a,e " +a e ")+

establishment of the spin temperature within the protein are also m,,(t = O)b(e’t”l* — *UTH)

studied, and the application of the latter phenomenon to the

measurement of the protein spectrum is demonstrated. _ _
protein sp Mo = Mgt = 0) S b(e™™ — &™) +
p

Theoretical Background
M (t=0)@ e "™ +ae ™)

Ryp — Ruy+ k= 2pk

For large proteins in which the overall and the internal

motions are slow or anisotropic, dipolar interactions between 1
o ) _ l
protons are not scaled down to a significant degree and high a, = 5 1+
rank spherical tensors that involve two or more protons can be \/(R1p - Ry, +k?— Ap KRy, — Ryy)
formed on a very short time scale. In water, these tensors evolve
. . pk
over a much longer time scale due to the reduction of the b= P
intrgmolegular dipglar. interaction, which results from the \/(Rlp ~ Ry, + k)2 _ 4ppk(Rlp -Ry)
reorientational motion in the free and bound states as well as
from the chemical exchange between these two states. Further- 1 — 1 [R,,+ Ry, + k+
1p 1w

more, proton exchange among water molecules causes anl;. 2
additional reduction of the protetproton intramolecular dipolar 2
interaction. The different time scales of the evolution of the ‘/(Rlp Ry K" = 4pk(Ry, = Ry)] (1)
high rank tensors in the protein and in water make it possible o
to retain the longitudinal magnetization of either the protein or WhereMzp, Mzy, Mzt = 0), andmey(t = 0) are the longitudinal
water using the multiple quantum filtered MT (MQF-¥)pulse magnetlzat|on§ and their valuestat 0 for the_proteln and the
sequence shown in Figure 1. Retaining the magnetization of water, respectivelyRyp = l/T1p, Rw = /Ty, with T1p and T
only one of the two species enables the detection of the MT being the longitudinal relaxation rates of the protein and water,
between them. respectively. The fractions of the protons residing on the protein

The single rank single quantum coherencgs,1, obtained and in water are given by, andpy, respectively. The MT rate,
after the application of the first 90pulse evolve during the kK, is the sum of the forward and backward reactions rates of
period 7/2 and become second rank tensofs,;, that are the MT process. From eq 1, it is clear that if either the protein

filtered through a double quantum coherence (DQFE)... The or water is exclusively excited, the other is formed in a process
filtered tensors reconvert ff .1 by the application of the third  described by a difference of two exponents. Under fast MT,
pulse and then the latter tensors evolve im{a;, during the i.e., k> Ryp, Riw, the expressions in eq 1 simplify to
secondr/2 period. For short creation time/2 (Figure 1), the

amplitude of the observed signal was foBitmibe proportional e T + ppeft/Tlf pp(eft/Tk — g M)

to wp?, wherewp is the first-order (residual) dipolar interaction.
Thus, sincewp of the protein is much larger than that of water,
the intensity of the protein signal can become either comparable
to or larger than that of the water signal.

From the above discussion it is clear that all the relaxation :
times of the single quantum coherence tensors of the proteingtl’g Eg;g:: e ggm:gt: E. l?‘_a,bl”;gn(f-gg‘i%'r‘])ll;’ggf%g%l-

(12) Jelinski, L. W.; Sullivan, C. E.; Torchia, D. A. Magn. Resonl198Q 41,
(9) Eliav, U.; Navon, GJ. Magn. Reson1999 137, 295. 133.

pw(e—l/Tl— _ e—UT1+) ppe—l/TH 4 pwe—l/Tl—

For the protein selective excitatian,(t = 0) = 0, and
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M,, = m,(t = 0)(p,e '™ + pe ™)

M, = mZp(t = O)pw(eit”l_ - eitlTH) 90

T1+ - kl Tl_ - ppRlp + pWRlW (2) 35

15

2, us

That is, the formation rate of the signal is given by the MT

rate, and its decay rate is a weighted average of the longitudinal 5
relaxation rates of the protein and water, respectively. As can __———/_\Jr/\wj
be seen from eq 2, if one selectively excites the protein or water ,_‘_v___,*,_‘\#

under the condition of fast exchange, on a time scale shorter . ' . : , . (
than that of the longitudinal relaxation, the sum of the -60 -40 -20 0 20 40 60
magnetizations of water and the protein equals that of the KHz

initially excited magnetization. Clearly, the protein and water Figure 2. Spectra obtained by the DQF-MT pulse sequence given as a

magnetizations vary considerably on this time scale; i.€., function of /2 with tuy = tog = 2 us. The measurements were carried at
magnetization transfer dominates the dynamics on a time scalefrequency of 360 MHz using a high-power probe with & @@lise of 2.3

shorter than that of the longitudinal relaxation. So we conclude #S- The number of accumulations was 64. The sample temperature was 37
that under fast exchange we can divide the time scale into a c.

short one when exchange takes place and a long one when (@) (®)

relaxation dominates.

tLM
Experimental Section : U
The experiments were conducted on a bovine Achilles tendon under 60ms
various conditions of temperature, pH, deuteration levels, and concen- —— - - e T e
trations of DMSO and methanol. Measurements were carried out on a ! S
Bruker ARX 500 NMR spectrometer using a 5-mm probe with double N , 13ms e e
resonance capabilities for deuterium and proton. For this probe, the p
90° pulse lengths were @s for protons. For experiments where shorter . gsmg T el
pulses were needed, a Bruker 360 WB Avance spectrometer with a o T
5-mm polarization enhancement (PE) probe was used, givihg@ées 0.5ms e
of 2.5 s, et 0.5ms - e
Results and Discussion e 00ms _
a. Selective Excitation and the Establishment of Spin -40  -20 ng 20 40 40 -20 ISH 2040
z

Temperature for the Protein. As explained in Theoretical
Background, selective excitation of either the protein or water Figure 3. - Spectra obtained by the DQF-MT pulse sequence for various
s required i order o measure MT rate between water and the 21222 S 12 T oo = Sue. The specaghven @ and
protein in tissues, such as a bovine Achilles tendon. This goal those in (a). The measurements were carried out at a frequency of 500
was achieved by the pulse sequence (MQF-MT) shown in Figure MHz using a 90 pulse of us. The number of accumulations was 64. The
1. The selective excitation is demonstrated in Figure 2, where Sample temperature was I'6.
spectra obtained for five values of2 and very short y are that fort,yy < 0.5 ms the line shape of the protein changes
shown. For very shomt/2 (<50us), the broad (tens of kilohertz)  significantly, while the changes are very small fgy = 0.5—
protein spectrum is the dominant component. On the other hand,5.0 ms, indicating the establishment of spin temperature. A
for /2 = 90 us, this component is very small while the water similar conclusion is obtained from studying the dependence
signal with a line width of less than 1 kHz makes the more of the MQF-MT spectral line shapes as a function of the period
significant contribution. 7 for the above two ranges &fy. While forty < 0.5 ms the

The chain of processes following the selective excitation of shape changes very significantly (Figure 2), fgs = 0.5-5
the protein with a short value af2 (7 us) is shown in Figure ms the line shape hardly changes and only the spectral intensity
3. For very shorttyy (=1 ms), where the whole spectrum varies withz (figure not shown).
consists mainly of that of the protein, the line shape changes b. Direct Evidence of Magnetization Transfer between
significantly with t.y while the integral remains practically  Collagen and Water. As can be seen from Figure 3, water
constant. These results indicate spin diffusion, i.e., establishingsignal is formed as a result of MT from the protein to water
spin temperature for the protein @f; of ~1 ms, after which after the establishment of spin temperature. To quantitatively

the protein line shape does not change. At lornggrvalues, study the MT from the protein to water, their spectral integrals
the water signal builds up as a result of MT processes from the were separated using a cubic spline procedure. The resulting
protein to water. integrals as a function dfy are given in Figure 5. For periods

A demonstration of the spin diffusion process within the much shorter than the longitudinal relaxation time, the integral
protein in the absence of MT to water is obtained by measuring over the range of frequencies that covers both the protein and
the signal intensity of the tendon immersed inDsolution the water spectra remains almost unchanged (Figure 5). As
(Figure 4) as a function dfu. The figure clearly demonstrates mentioned above, these results indicate a transfer of magnetiza-
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Table 1. Magnetization Transfer Rates (k), Longitudinal

t;
) LM Relaxation Times (T1), and Double Quantum Relaxation Times
T (Tog) for Water (w) and the Protein (p) at Two Different
M‘WW\HW,WMW-M e, 0mS Temperatures?!
creation time, k(p), Tu(p), Too(p), k(w), Ta(w), Tog(W),
T, US st S us st S us
ol Temperature 1.5C
oo e, 1M 14 25 09 14 26 081 14
1360 19 0.9 400 32 0.8 600
Temperature 26C
e 7 40 1.4 13 36 12 14
] Wuw\--’“’“ﬂ e 0.5ms 680 50 11 50 1.2 450
1 The experimental errors for k(w),{w) and Too(w) are+9% and for
k(p), T1(p) and Tog(p) are+30%.
o, NN,
MWNWMW—””'MM e A\W‘“\"m&g%ﬁlj 90°p  N°p, gy e,  Heps s H°g;
Y TR, ) R 10 I w2 b i 12 ty I w It“m t, (acq., 9g)
kHz
Figure 4. Spectra of bovine Achilles tendon immersed isas obtained T,y —T,,

by the DQF-MT pulse sequence for various value$ gfwith 7/2 = 7 us
andtpg = 5 us. The measurements were carried out at a frequency of 500
MHz using a 90 pulse of 9us. The number of accumulations was 64. The
sample temperature was 1°6.

T 1,0

Figure 6. DQF-MT pulse sequence appended by a pair sff@dses that
actas DQI=p=2)or TQ ( = p = 3) filters. g5 = n x 18C/l (=0,
1,., 21— 1), ps = @5+ @c, ¢pc = 0° for p=2 and 90 for p = 3, p1— ¢4
are given in the caption to Figure 1.

that was measured when the exchange petigg (vas selected
to be very short (Table 1).

A reverse MT from water to the protein was observed in the
DQF-MT experiment with long/2 (680us). The kinetics of
the system was similar to that of the experiment with shprt
with the role of the protein and water interchanged. Indeed, the
decay of the water signal gives a biexponential decay with
exchange rate constants (the sum of forward and backward
ms reactions involved in the MT process) similar to those measured

) ) for a short creation time (Table 1). A biexponential formation
Figure 5. Integrals of water (W@®) and the protein (PA) spectra as . e . L
measured by the DQF-MT pulse sequence shown as a functipg.d? + of the protelq magnetization Was.measured with rgtes glmllar
W (m) is the sum of the two integrals. The pulse sequence parameters aret0 those obtained from the formation of the water signal in the
given in the caption to Figure 3. The sample temperature w38 he experiment with the short creation time. However, due to the
data fitted biexponential expressions (solid lines; see also text) with the presence of the intense water signal, the accuracy of the
parameters given in Table 2. . R

measurement was limited. To overcome this difficulty, the pulse

sequence in Figure 1 was modified to include an additional pair
of pulses that act as double quantum filter (Figuré €, p =
2). The formation of the protein signal is clearly evident (Figure
7). Thus, on the basis of the above results, we conclude that
two types of dynamic processes occur in the tendon tissue. The
first one occurs on a time scale of tens to hundreds of
microseconds and involves spin diffusion within the protein,
and the second one involves MT between the protein and water

Integrals, a.u.

t

LM’

tion from the protein to water that occurs on a time scale shorter
thanTi. This MT process is described by eq 2, which predicts
a biexponential decay of the protein and a concomitant
biexponential rise and decay of the water signal. The results of
fitting the amplitudes of both the protein and the water spectra
at /2 = 7 us and at two temperatures to eq 2 are given in
Table 1. As can be seen from the table, the rates obtained for
the decay ‘?f the protein S'Q”E‘F’) are similar to the rates of occurring on a time scale of hundreds of microseconds to tens
the water signal formatiok(w) within the experimental error. ¢ iiisaconds.

Another measurement that verifies that the water signal in - ¢ Examining the Mechanism of MT. Two types of
the DQF-MT experiment with a short creation timeg2(= 7 mechanisms can account for the observed MT. One is an
us) originates from the protein magnetization is the dependenceexchange of exchangeable protons on the protein and on the
of the intensity of the water signal on the double quantum period, water molecules, and the other one is mediated by a dipolar
toq. A very fast decay was observed. Fitting the decay curve to interaction. The latter mechanism can be either of the first order,
exponential or Gaussian decay showed a better fit to the latterwhere the dipolar interaction between the protein and water
with a decay time offpg = 13 us (Table 1). This is typical of  protons is not averaged out by motion (a situation commonly
solids and is similar to th&yq decay time found for the protein ~ found in solids), or of the second order, commonly found in
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Table 2. Temperature Dependence of the Magnetization Transfer Rate,

Longitudinal Relaxation (T1), Line Width (Aw1/2), Observed Dipolar

Splitting (2vp), and Ratio between the Amounts of Protein and Water (mp/my)?

temperature, °C

-72 -60 -47 -215 -14 6.7 15 13 38
k(w), st 2100 770 480 140 52 20 26 33 65
Ti(w), s 2.4 1.15 0.95 0.63 0.48 0.73 0.81 0.93 1.1
Awiz (W), Hz 6800 2500 700 420 400 200 230 - 280
2vp (W), Hz - 2780 2900 2800 2600 1000 950 890 -
my/my - - 1.1 0.92 0.77 0.25 0.25 0.25 0.22
aThe experimental errors & Ty, 2vp, my/my, and Aw1 are+8% for temperatures above60 °C and+15% for —60 and—72 °C.
(@ ¢ (b) t Table 5. Magnetization Transfer Rate (s~1) from Protein To
\ LM LM Water, DMSO and Methanol as a Function of Temperature?
— _250ms B _ 250ms temperature, °C -19 37
: Ho0 70 85
— " —-S0ms . soms DMSO 200 0.8
! o T methanol 50 1.7
T — B _15ms
IR 15ms aThe experimental errors in the MT rates for water, DMSO, and methanol
0.1ms T are+8%, +35%, and+20%, respectively. See text for the composition of
o . the bathing liquids.
‘ . )‘ ~ 0.1ms
4007 R R TTTA 40 e e TR 40

kHz

Figure 7. Spectra obtained by the pulse sequence shown in Figure 6 (for
p = 2) given as a function df m with 7/2 = 680us andtpg = "' = t'pg

= 6 us. The spectra given in (a) and (b) are the same, but those in (b) are 1000 5

magnified by a factor of 3 relative to those in (a). The measurements were
carried out at a frequency of 500 MHz using & $ulse of 9us. Number
of accumulations was 1024. Sample temperature wa¥C26

Table 3. Effect of pH on the Magnetization Transfer Rate from the
Protein to Water at Two Different Temperatures?!

Temperature, 1.5C

pH 4.78 5.13 5.62 6.3 7.02 7.55

k(w), st 24 20 18 17 23 27
Temperature, 38C

pH 4.78 5.13 5.62 6.3 7.02 7.55

k(w), st 54 47 52 50 65 72

a2 The experimental error fdt is +8%.

Table 4. Magnetization Transfer Rate from the Protein to Water
Protons as a Function of Temperature and Percentage of Water
Protons in the Bathing Saline H,O/D,0 Mixtures?

temperature, °C =275 26
H»0, % 100 15 100 50 3
k(w), st 130 110 40 18 7

a2The experimental error fdk is £8%.

liquids (NOE). The two MT mechanisms are expected to depend
differently on the following experimental conditions: (&)
temperature; (b) pH; (c) ratio of J® to H,O in the solvent; (d)

the interaction of the protein with small molecules other than
water, such as DMSO and methanol. The effects of these
conditions on the MT rate, the longitudinal relaxation time, the
line width, the spectral splitting, and the integrals of the various
components in the system are given in Table$2The value

of the MT rate (Table 2, Figure 8) at room temperature agrees
with the values measured by Edzes and Sami®tkand by
Renou et al314Upon lowering the temperature, the MT rate
decreases, but near the freezing point, which occurs arednd

(13) Renou, J. P.; Alizon, J.; Dohri M.; Robert, HRBlochem. Biophys. Methods
198Q 7, 91.

(14) Renou, J. P.; Bonnet, M.; Rochdi, A.; Gatellier Bropolymers1994 34,
1615.

T
20
t,°C
Figure 8. Temperature dependence of the MT radg the spectral width

at half-height Av12), and the dipolar splittingXvp) measured in bovine
Achilles tendon.

T T
-80 -60 -40

°C5"17 there are abrupt increases in the MT rate, in the water
line width, and in the splitting of the water signal. These changes
around the freezing point are mostly due to the decrease in the
amount of the free water molecules, a condition that leads to
an increase of the fraction of bound water. This is reflected in
the ratio of the spectral integrals of the protemy) and the
water fny) (mym, in Table 2) Upon lowering the temperature
below the freezing point, there is a sharp increase in both the
MT rate and the line width. This is consistent with an increase
in the reorientation and residence times of the water molecules
at the protein surface, which is expected to cause an increase
in the MT rate due to NOE as well as an increase in the
transverse relaxation rate due to the spectral dedgi®y. Above

the freezing point, increasing the temperature causes the MT
rate to increase. This is consistent with proton exchange between
the protein and water molecul&s141821 The transverse

(15) Dehl, R. E.Sciencel97Q 170, 738.

(16) Griegera, J. R.; Berendsen, H. J.Blopolymers1979 18, 47.

(17) Griegera, J. R.; Bienkiewicz, K. $tud. Biophys1984 3, 195.

(18) Melachini, G.; Bonvin, A. M. J. J.; Goodman, M.; Boelens, R.; Kaptein,
R. J.Mol. Biol. 200Q 300, 1041.

(19) Liepinsh, E.; Otting, GMagn. Reson. Medl996 35, 30.

(20) Otting, G.; Liepinsh, EAcc. Chem. Red995 28, 171.

(21) Liepinsh, E.; Otting, GJ. Biomed. NMRL999 13, 73.

J. AM. CHEM. SOC. = VOL. 124, NO. 12, 2002 3129



ARTICLES Eliav and Navon

relaxation rate decreases at this temperature range due to the
decreased correlation time and the larger proton exchange rate
among the water moleculés.

The MT rate is given as a function of the pH for two
temperatures in Table 3. It is evident that a minimum is obtained
for pH ~6 above the freezing point. Such a minimum was
observed previously for amino aciéfs2! However, the depth
of this minimum is much shallower in the tendea fact that \
we attribute to the heterogeneity of the system. Lowering the /
temperature below the freezing point causes the MT rate to / \\j\ { \
increase and to become pH independent, which is consistent o o \; \/
with the MT process becoming dipolar interaction dependent.

The dependence of the MT rate on the volume percent of ) 0 ) 2 0 -2
H2O in the HO/D,O solutions is given in Table 4. The MT YHz kHz
rate is strongly dependent on this percentage at temperature%igure 9. Spectra of bovine Achilles tendon immersed in solution of 95%

above the freezing point, while at lower temperatures it is almost H,0 and 5% DMSO. (a) Spectrum obtained after a single@dse. The
independent of it. These results also support the two mecha-peaks are those of water (left) and the DMSO methyl group (right), (b) An
nisms, discussed previously, for the MT between the water antiphase TQF spectrum (see text) of the DMSO methyl group. Note that

. . . the water peak is removed by this method. The measurements were carried
molecules and the protein. It is clear that below the freezing 4 a frequency of 500 MHz using a®9pulse of us andr = 2.4 ms
point where motion is restricted and chemical exchange is slow, for (b). The sample temperature was 38.

the NOE is expected to be the dominant MT process and the

rate of the MT k, should not depend on thex8/D,0 ratio. On . .
the other hand, above the freezing point, the NOE is expectedcorm)altlble with those measured for water by the DQF-MT pulse
i ' sequence and are typical for solid-state; i.e., the protein

to decrease while the chemical exchange increases and becomes NI .
the dominant MT process. The strong dependence of this magne_trlﬁatmtr: Is the source of trf]e S[r;\j" molecules magngtlfza-
mechanism on the 40/D,0 ratio can be understood on the basis tions. The above experlmentso or SO were repeated for
of the following: k is the sum of the forwardkgs) and backward methanol using solutions of 12% methanol and 883 tand

; obtaining results that show similar trends (Table 5). Since the
kon) MT rates; i.e.k = Kot + Kon. Both kot andkon are expected
Eo gl)ecline with increasinﬁg pergentage fcf)ngID Thr:a replafement methyl groups of DMSO and methanol do not exchange protons

of exchangeable protons on the protein with deuterons decreased’ ith the protein, the rate of their MT from the protein gives an

. ) o estimate of dipolar-mediated MT at all temperatures, which,
the number of sites available for magnetization transfer and thus . S . . .
. ) above the freezing point, is most likely to be NOE. Since this
causes a decrease k. Also, kon, Which comprises proton

exchange from the bulk with either proton or deuteron on the rate for DMSO is smaller than the MT rate for water by 2 orders

S . . . . of magnitude, it is reasonable to assume that the contribution
protein, is expected to decrease with an increase in the fraction . - .
. . . of a dipolar-mediated process to MT from and to water is
of D,O due to the isotope effect. Replacing water in the tendon nedliible. leaving chemical exchanae as the most important
by a mixture of 5% DMSO and 95% water enabled the detection gigiote, 9 9 P

. mechanism of MT in aqueous solutions.
of MT processes between the protein and a small molecule that Al th . s d ibed thus far indicate that two t
does not have exchangeable protons. It is interesting to note € experiments described thus far Indicate that two types

that, in the anisotropic environment of the tendon, the spectrum of processes dom_lnate the_MT between the prc_)teln a_nd the V\_/ater
of the methyl group of the DMSO appears as three peaks (Figuremolecules. The first type is governed by a dipolar interaction

9) separated by 270 Hz. While the separation is not well- and is most significant at temperatures below the freezing point,

resolved in the single pulse experiment (Figure 9, spectrum on Wh"e the second type is dominated by chemical exchange and

the left), it is clearly resolved in the antiphase TQF spectrum |_I§hmore prorl10u_nced at tgmper;tur?s 3bgvihth? ftreezllng ?‘Otlr?t.
(Figure 9, spectrum on the right), obtained by applying only f "ese_ COPC E[Jsm.nihcan te un _((ejrs 00 i y tet%n erp ?y Oth €
the first three pulses in Figure 1 witk= p = 3. Upon freezing, rotow:‘n{cg] achorrsn.i Ie \)/(vahernre5| fenrc?[ Inmebatw er?rtﬁ elnr, i ?n
both the peak separation and the line width increase by a factor ate of the cnemical exchange of protons between the prote

e . and water, and the spin diffusion rate within the protein. For
of 3.5, a trend similar to that found for the water signal. The molecules immersed in water. the residence time of water
MT rate between the protein and the DMSO was measured by ’

the DQF-MT (Figure 17/2 = 7 us) pulse sequence above the molecules at the surface of the protezln is considered to be on a
. ) ) ; time scale of nano- and picosecorfid2making the NOE time
freezing point. Below the freezing point, where water and the

OVSO s overip. he DOEMT s sequence was 2 SSHTeanty bngeran atof e chemic ecute,
appended by TQF (Figure 6 with= p = 3 andz" = 2.4 ms) Y P P

. , L . interaction is very fast, quasi-equilibrium is achieved within the
in order to remove the water’s peak, thus making it possible to . -

. whole protein on a very short time scale. Thus, a transfer of
observe MT between the protein and the methyl group of the magnetization from one particular functional group to the water
DMSO. The results are shown in Table 5, where the MT rate 9 P group

for the DMSO can be seen to be of the same order of magnitudeer[h.er . by. chemical exchapgg or .by. NOE mefe'y causes
. . o redistribution of the magnetization within the protein to obtain
as that for the water below the freezing point, while it is smaller

. . a new quasi-equilibrium condition; i.e., the various functional
by 2 orders of magnitude at 3. The origin of the DMSO q q
ma_gnetlzatlon' obs_erved In the_ DQF_MT experiment, was (22) Brunne, R. M,; Liepinsh, E.; Otting, G.; \ifich, K.; Van Gunsteren, W.
verified by measurindlpg relaxation times. The results are F. Mol. Biol. 1993 231, 1040.

3130 J. AM. CHEM. SOC. = VOL. 124, NO. 12, 2002



Multiple Quantum Filtered NMR Studies ARTICLES

| | a\h;\j\ﬁ
50 f,, KHz -50 50 £, KHz -50
40 oo iz £, kHz -40

100 -100 50 -50 -40 40
kHz kHz
. - . . Figure 11. Projections of 2D spectra obtained from 2D version of the MQF-
Figure 10. Projections of 2D spectra obtained from 2D version (see text) MT pulse sequence (see text). For quadrature detection in the indirect

of the DQF-MT pulse sequence. For quadrature detection in the indirect yinangjon, the States method was implemented. The two dimensions were

dimension, the States method was implemented. The spectra shown in theypained by Fourier transformation with respect to the indirect dimension
figure are obtained by Fourier transformation with respect to the indirect (a, b) and the acquisition timé, (c, d). The spectra shown in the figure

dimensionsng (a) andr (b), tw = 90 ms. The measurements were carried  4rq the results of filtering either through DQ (a, c) or TQ (b, d) coherences.

out at a frequency of 360 MHz using a‘9pulse of 2.3us.The sample The periodt_y was set to 90 ms. The measurements were carried out at a

temperature was 38C. frequency of 360 MHz using a 9@ulse of 2.3:s. The sample temperature
was 38°C.

groups cannot be considered to be isolated and the protein

magnetization and the line shape of the protein spectrum is method (only the first three pulses in Figure 1 are applied),
hardly changing as a result of the MT process. We may concludewhere the FID of the protein is modulated by its decay during
that under the quasi-equilibrium condition the transfer of the the periodipg. The spectrum obtained in this way (not shown)
magnetization of the whole protein to water can be considered is almost identical with that shown in Figure 10a but with a
to proceed, simultaneously, via two channels. This situation is reduced S/N. Upon setting optimal conditions for both experi-
quite different from that found for molecules much smaller than ments, i.e., selecting spectral width and applying exponential
collagen, such as globular proteins with molecular weight apodizing windows that are comparable to those of the observed
smaller than 100 000, where the reorientation motion is fast spectra, this reduction of the S/N is 12. Multiple quantum
enough to average out the dipolar interaction and thus reducefiltering provides a method to distinguish between various
the intramolecular spin diffusion rate. Therefore, for those functional groups on the basis of different numbers of protons
smaller molecules, it is possible for functional groups that are within each group as well as on the differences in the internuclei
remote from the exchangeable protons to transfer magnetizationdistances. Those differences lead to the formation of different
to the water via a NOE mechanism. Below the freezing point spherical tensors as well as to different spectral splittipg,
of water, the exchange rates decrease and the residence timesaused by the dipolar interaction. More specifically, groups with
increase, causing the MT between the protein and water to betwo and three protons will make a major contribution to
dominated by dipolar interaction. experiments designed to detect tensors of ranks two and three,
d. Measurements of Protein Spectra via a Water Signal respectively. The detection methods are shown in Figure 1, with
with an Improved S/N. The establishment of spin temperature the selection of the pathways= p = 2 andl = p = 3 for the
within the protein and the subsequent MT to water causes thesecond (DQF-MT) and third rank (TQF-MT) tensors, respec-
line shape of the observed spectrum to be independent of thetively. Although higher tensors may also contribute to both
tensors’ ranks and of coherences that exist during the periods experiments, their contribution is not expected to be very
andtyvg. Indeed, the spin dynamics during these periods affects significant.
only the intensity of the observed spectrum. Thus, by varying  For single valuedwp systems and under the condition of
eitherz or tyg, it is possible to obtain a second, indirect, spectral negligible relaxation, the spectra obtained in the indirect
dimension characterized by the protein’s spin dynamics. The dimension, in whichr is varied, for DQF-MT and TQF-MT
spectra of the DQ and SQ coherences of the protein, obtainedexperiments are given by the Fourier transformations of
by the Fourier transformation of the variations of the FID as a sirfwpt/2 and sifiwpt/2, respectively. The spectra of the former
function of o (Figure 1,p = 2) andrz, respectively, are shown  experiment consists of three peaks located@t0, and—wp
in parts a and b of Figure 10, respectively. It is important to with intensities ratios of-1:2:—1 while spectra of the latter
note that the widths of the spectra that dominate each of theexperiment have five peaks whose positions avg,2vp, O,
two dimensions are very different. For the indirect dimensions —wp, and— 2wp and the intensity ratios are-14:6:—4:1. For
(fy) of either the DQ or the SQ, the widths are typical for large proteins such as collagen, it is reasonable to assume that methyl
proteins (tens of kilohertz, Figure 10), while the dominant groups will make a major contribution to the TQF-MT spectra.
component in the direct dimensiof)(is water with a line width This is distinct from the DQF-MT experiment, in which a dipolar
typical for partially ordered media (hundreds of hertz), causing interaction within pairs of protons will make a very significant
an improvement of the S/N in the indirect dimension. This contribution. The above differences between the two experi-
enables us to measure the protein spectrum via the muchments (DQF-MT and TQF-MT) are reflected in the spectra
narrower water signal. To compare the spectrum obtained in shown in Figure 11a and b (obtained by Fourier transformation
this way with the one obtained without the MT step, we of the variation of signal intensities with respect to the creation
measured the DQ spectrum using an antiphase DQF (DQF-AP)time 7), for t v longer than the time required for the establish-
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ment of the spin temperature. Figure 11 demonstrates that theare typically longer than 20@s. This limitation does not prevail
splitting as well as the intensity ratios in the two experiments for the water signal, however, and thus the detection of the
are different, as expected from the above discussion. Theprotein spectra via the water signal may make it possible to
deviations of the spectrum intensities in Figure 11a from the create images that are related directly to the amount of protein
theoretical ratios of-1:2:—1 are probably a result of broadening and its intramolecular dipolar interaction.

of the two satellites due to the variety of the functional groups
as well as to the distribution of their orientations with respect
to the magnetic field. As explained above, the direct dimension 1. Two types of MT processes take place. One is most
in the MQF-MT experiments reflects the spectrum of the tensor significant below the freezing point and is dominated by the
T, -1, after the spin temperature has been established for thedipolar interaction between the protein and water. The other
protein. Thus, the spectrum line shape in this dimensi@ (  one occurs above the freezing point when an exchange of
FT with respect to the FID acquisition time) is expected to be protons between the protein and the water molecules dominates
independent of the type of MQ filter used in the experiment the MT process.

(Figure 11c and d). The signal intensity of the TQF-MT was 2. The process of establishing the spin temperature for the
smaller by a factor of 6 than that of DQF-MT. In addition to protein can be monitored and is found to occur on a time scale
factors such as different transfer functions that are inherent to much shorter than the time needed for the MT process between
the two experiments, the intensity difference reflects the smaller the collagen and water.

number of protons (mostly methyl groups) that contribute to 3. The acquisition of water signal, which originates from the
the TQF-MT experiment. In summary, The DQF-MT and TQF- protein magnetization in the DQF-MT technique, give rise to
MT 2D experiments enabled us to obtain two different kinds the possibility of creating images that are related directly to
of spectra for the protein in an indirect dimension, reflecting the amount of protein and its intramolecular dipolar interaction.
proton groups that are distinguished by the number of interacting
protons.

The current investigation has clearly shown that the water
signal decays on a time scale of milliseconds much longer than
that of the protein (tens of microseconds). Thus, imaging that
is based directly on the protein signal is impractical for
conventional imagers in which magnetic field gradients pulses JA011791N

Conclusions
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