real radiofrequency pulses

Up to now the effects of rf pulses are described with neglection of further interactions (mainly chemical shift evolution)
during the pulses. In this case the spin operators are rotated around the spin operator given by the pulse phase in the
rotating frame.

In the following section we will analyze the more real situation where chemical shift evolution takes place during the
action of pulses.

For a one spin system, any arbitrary spin state can be expressed by

To calculate the time development of the system it is sufficient to analyze the evolution of this coefficient vector.



The action of pulses with x- or y-phases and the larmor precession results in rotations of the coefficient vector
around the corresponding axes. The rotation angle is given by ¢=wT

These rotations can be represenetd as matrices acting on the coefficient vector:

1 0 0 1 0 0
R,=|0 cos¢p —sn¢|=|0 coswTt —ShwT
0O In¢ cosg O Snwt coswT

cosp 0 dSng
R= 0 1 0
—dn¢ 0 cos¢

cos¢p —sng¢g O
R,=|sn¢ cos¢p O
0 0 1

The evolution of the coefficient is then given by
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Are two fields , e.g. rf-field and B-field, active at the same time, an effective field results with direction

and strength given by simple vector addition:

QB, o
A Wt D
w, By =w, B! +QB,
Wy =\ W, +Q°
W,
Cos®) =——
O 4

» w, B

The magnetization precesses now around the effective field B with a frequency w; .



The precession around the effective field can be described by three subsequent rotations:

1.  rotation around y (assumption: x-pulse) with an angle -O,

2. rotation around X" with an angle ¢ = w4 T

3.  rotation around y = y" with an angle ©

c(0)| [cos® 0 sn®|1 O 0 |lcos® 0 —sn@®]|c,(0)
=R,(0)R(¢)R,(-O)|c (0))=| 0O 1 0 ||0 cos¢p —sngp|| 0O 1 0 |c,(0)
c,(0)| [-sn® 0 cos@|0 sn¢ cos¢ [|SNO 0 cosO |c,(0)

O O O
N < X

SN /N
~ 4 N



multiplying alk three rotation matrices result in the general rotation matrix describing the action of an arbitrary
rectangular pulse with x-phase with simultanuous presence of larmor precession around the z-axis:

cos’@+cospsSn°® —sngpsn® —cosO@sng(l—cose)
Ro(Q2,w, T)= sn¢$sn® CoS ¢ —sn ¢ cos®
cos@sn¢(l—cosp) sSngpcos®  Sn°O+cosgpcos O

In the case of an arbitrary phase o of the rf-field in the x,y plane an additional rotation around the z-axis
IS necessary:

RP(Q W0 T ,(X)ZRZ(O() RP(Q ’wl,T) Rz(_o‘)

»  With these rotation matrices it is possible to calculate the excitation profile of any given pulse.



For the action of rf-pulses three rotations are important:

1.  Excitation, rotating of z-magnetization into the transverse plane,

this is the standard on-resonant 90° pulse

w, Tl +Q 1l,

I, > c (7))l +c (T)l +c, (7)1,
- CX(T) 0 0
with W, T=" for Q,=0 resultin y(T) =|-sn(w,T)|=|-1
c, (1) cos(w, T) 0

Instead of viewing the cartesian der x,y,z components of the magnetization the excitation profile of an excitation pulse

can be decribed by the amplitude and phase of the resulting transverse magnetization:

y
A
MtransversaI:MO\/Ci(T1‘QI)+C§/(T1‘QI)
CX(T1QI)
t Q)=
p X an((b I) c (T,Ql)

y




2. inversion rotation from z nach -z (or opposite direction) by a 180° pulse with x- or y-phase

3.  refocusing rotation from x to -x by a 180° pulse with y-phase, or

rotation from y nach -y by a 180° pulse with x-phase

The influence of larmor precession during the action of the pulse is not the same in the case of inversion

compared to refocusing. Consequently a 180° pulse of same duration shows different profiles for both rotations.

For the inversion the pulse phase does not play arole, because the resulting transverse magnetization comes from

pulse imperfections and should be suppressed by proper methods-
A refocusing pulse acts on transverse magnetization, therefore the phase of the pulse is important.
The following rule is valid:

a good refocusing pulse is also a good inversion pulse, but

a good inversion pulse might be a worse refocusing pulse



Excitationprofile of a 90° rectangular pulse
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Inversionprofile of a 180° rectangula pulse

Y B1= 1
2 4Ty,
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M / M(0)

Refocusingprofile (y — -y) of a 180° rectangular pulse
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Mz /M (0)

bad calibrated 180° pulse

—— Vgg = 0.85* v (optimal)
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Action of a 90°(x) - 180° (y) - 90°(x) composite pulse for inversion

pulse length too short pulse length too long

Y4 Y4

———» composite pulse compensates the bad calibration to a large extent



Inversion profile of a 'bad' calibrated 90°(x) 180°(y) 90°(x) composite pulse
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Inversion profile of a correct calibrated composite pulse
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C NMR on proteins and real pulses
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The well separated regions of *C' and *C? chemical shifts in proteins allow the selective rotations by proper

selected pulses.
A prominent method is to choose the durations of 90° and 180° pulses that they only excite only one of both regions,

while the excitation profile of the applied pulse shows an excitation minimum in the other frequency range.

A 90° pulse has a first excitation minimum at ca. 0.97 / t,

a 180° pulse (inversion) has a first minimum at ca. 0.87 / t

The center of the °C' resonances lies around 175 ppm, that of the **C? spins around 56 ppm.

For a 600 MHz spectrometer the following pulse lengths should be used:

Ty = 0.97 =54us
0= 119%151Hz H
0.87
= =48us
0T 119%151Hz O F

Remark: a 108 ns long 180° pulse has a too narrow inversion profile to be used for protein triple resonance experiments.



Amplitude- and phasemodulated pulses

modern spectrometer allow not only using rectangular pulses, that means a constant amplitude during the pulse,
but also pulses with variable amplitude and phase during the pulse can be realized.

With these 'shaped’ pulses very designed excitation profiles can be achieved.

These pulses are realized by a seried of very short rectangular pulses wih different amplitudes and phases.

The time resolution of each pulse steps is around 50 ns on modern spectrometers.

Example: Gaul shape like puls, consisting of 200 short rectangular pulses
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Calculation of the exciation profile of an amplitude modulated pulse

For a pulse consisting of N short rectangular pulses with equal length and variable amplitude A (in the range of

0.0 - 1.0 * w (max)), the excitation profile can be calculated (numerically) by subsequent application of the corresponding

rotation matrices for the individual short rectangular pulses acting on the actual states of the magnetization:

[T R(w),,At,$,,2) M (0)

i=1

The onresonant pulse angle in the case of an amplitude modulated pulse (phase = 180° corresponds to a negative
amplitude) is given by

x=) « Mt x=wAT
i=1

Using the integral ratio (= ratio between the overall amplitude of a rectangular pulse with equal length and wf
and the integrated amplitude of the shaped pulse) and the onresonant pulse angle o the necessary rf field strength w;™

can be calculated:
_
~ Int.Ratio

. X max
W, =— —> W,
T

A P

Int.Ratio=

max
N w; = A w,
i=1



Example: Gaul3-like 90° pulse
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Excitation profile of the Gauss pulse (90°, 512 ns)
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Amplitude der trans. Magnetisierung
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Summary: Comparison of a gauss-shape pulse with a rectangular pulse

In contrast to the rectangular pulse the Gauss-shape pulse exhibits the following features
Atthesame  B;™ the Gauss-like pulse exhibits a more narrow excitation profile

The Gauss-shape pulse shows up no further exciation bands outside the central band.

—» Therectangular pulse is better for exciting a broader frequency band at a given rf field strength

—» The Gauss-shape pulse is better for a more selective excitation band at a given rf field strength
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Inversion profile of 180° G3 pulse (Gaussian cascade, 512 ns)

> nearly top hat like inversion
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Coherence order and coherence transfer selection

Coherences in NMR (transversal magnetization) can be classified by their coherence order p

this is the number of | * operators (positive coherence), and | ~ operators (negative coherence)

example: | =%(I++I‘) —» p=1 und p=-1
| -~ » p=0
21 . S.==(1"+1")(S"+S") ———» p=2 und p=0 und p=-2

=%[I TSTHITS T+ TS T+ ST

Goal in a (multidimensional) NMR experiment is properly selecting a defined coherence transfer pathway

and suppressing all other transfer pathway in order to get an easy interpretable spectrum.



B)

Coherence transfer pathways in homonuclear 3-pulse experiments

NOESY
l, — 1|, > |, > |
t t
| 1 ‘ ‘\/\/\MAAZ
AN
2
1
9 { ) \
2
DQF-COSY
l, —» 1, > ST 1S > T
t t
| 1 | ‘\/\/\MMZ
A
2 |
0 { {
5 |

—» How can the desired coherence transfer pathway be selected?



1.  Pulses change the coherence order

90° pulse 180° pulse
|, —» | Ly, —» =1,

y y

2 2
1 1
[
0 0
1 \ 1 X
2 -2
Ap==1 Ap==%2

2. Changing the r.f. phase (pulse phase) alters phase of the coherence

=
2 y
= |X=%[|++|—]
TT
_EIX
m L e i . 1 T LT
A - = —— + —— —_] — + —_
b 5 | I, 2[I +1 7] 2[exp{ |2}I +e><p{|2}l |
general: a phase alteration of apulse by ~ A¢, results in a phase shift of the coherence

withorderpby A¢p=—pAd,



By systematic variation of the rf-phases together with the receiver phase (phase cycling) in subsequent single
experiments it is possible to select desired magnetization transfer pathways and suppressing the unwanted

transfers by difference spectroscopy.

Example: phase cycling in the DQF-COSY

the first both pulses shall create Dp = + 2 (generation of double quantum coherence)

qbrf qu p=+2 ¢A p=-2 ¢rec
x 0° 0° = 0° 0°= 0° 0°
y 90° -180° = 180° 180° = 180° 180°
-x 180° -360° = 0° 360°= 0° 0°
-y 270° -540° = 180° 540° = 180° 180°

Behaviour of unwanted transfers in this phase cycle:

(brf ¢A p=+1 d)A p=—-1 qu p=0 qbrec
x 0° 0° = 0° 0°c= 0° 0°= 0° 0°
y 90° -90° = 270° 90° = 90° °= 0° 180°
-x 180° -180° = 180° 180° = 180° °= 0° 0°
-y 270° -270° = 90° 270° = 270° 0°= 0° 180°

v ¢ v

will be suppressed
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Example: Elimination of imperfections of a 180° refocusing pulse (EXORCYCLE)

I |7 —» 17 (Ap=0)+1" (A p=—2)+I (A p=-1)
|- > | (Ap=0)+I1"(Ap=2)+I (A p=1)
qbrf ¢A p=+2 d)A p=—2 qbrec
A p:iz X Oo Oo — Oo Oo — Oo OO
y 90° -180° = 180° 180° = 180° 180°
-x 180° -360° = 0° 360°= 0° 0°
-y 270° -540° = 180° 540° = 180° 180°

Behaviour of unwanted transfers in this phase cycle:

(brf qu p=+1 d)A p=—-1 qu p=0
x 0° 0° = 0° 0°= 0° 0°= 0°
y 90° -90° = 270° 90° = 90° 0°= 0°
-x 180° -180° = 180° 180° = 180° 0°= 0°
-y 270° -270° = 90° 270° = 270° 0°= 0°

v

will be eliminated

d)rec

0°
180°

0°
180°



General aspects of phase cycles

The minimal phase cycle determines the necessary number of scans per t;-increment

With many pulses it is no more practicable to alter all rf-phases independently, because the number of

required accumulations will increase the overall experimental time.

It is not nice if the necessary number of accumulations for phase cycle is larger than required for a given
sample concentration. In this case the experimental time is longer than necessary for generating

sufficient intensity.

Phase cycles act as difference methods. If a very intense signal must be eliminated by phase cycling, instabilities
cause a non perfect suppression of these signal, because of small signal intensity varations in

subsequent scans.



Pulsed field gradients
pulsed field gradients are short (pulse duration: 0.1- 2 ms) defined variations of the external static B, field, causing
defined spatial inhomogenities during these gradient pulses.

B,(z)=B +z£
0 0 AZ

—» resonance frequency depends on spatial position: w,(z)=—y B,(z)=—yB,—y zG,

—®» After the gradient pulse the coherences have aquired a spatial depending phase:

wO(Z)TgrdI z
I > 1 TexplizG, 7 = Texp{i p,q(2)) with ¢ 4(z)=y z2G,T 4
wo z Tgrdl z
I B ( ) > I _exp{—i ZG‘zTgrd}:I _exp{—i d)grd(z)}
L Z
> ¥ > —
¥ —
G A —
0 - > >B,(2)
A
1 S
—= e




The macroscopic observable signal is given by the integrated signal intensity over the sample volume:

1) 3G Tl 12 s e (v
yG, T, L/2 i

L/2)

grd

grd

2‘0 4‘0 6‘0 8‘0 160
VT Gz
For sufficient long gradient pulses the decay of macroscopic observed coherencedue to dephasing by the gradient

is given by 2/(yG,L 14
With a sample length of 4 cm and a typical gradient strength of 10 Gauss / cm the macroscopic observable coherence

IS reduced to less than 0.2 % with a 1 ms gradient pulse .

» transverse magnetization can be dephased very efficiently by pulsed field gradients.



Behaviour of mixed product operators under action of pulsed field gradients

Y, 2G, 1,4l

+ z grd’' z
1*S, ’ >  1'S,epliy, 2G,7,4=1"S,expli dpq(2))
- Y ZGzTgrdI z ySZGZTQFdSZ ot . .
| ™S - > |°S exp{l Y ZGzTgrd} exp{l ySZGzTgrd}
=1"S"exp i (pga(2) +Para(2))}
b Yi ZGzTgrdI z YSZGZTQFdSZ R . .
7S > > 1S exp{l Y ZGzTgrd} exp{—l YSZGzTgrd}

=1"S expli (d);rd(z)_d);d(z))}

» The resulting spatial dependent phase depends linear on the coherence order

d)grd<z)= p}/ ZGz—rgrd

» pulsed field gradients allow the discrimination of different coherences within a single scan !!



Dephasing of undesired transverse magnetization with pulsed field gradients

NOESY I, —

I, S J t ‘ Tm ‘ U e ¢1:(X1_X)+S_IR
\/\/\MA ¢2:(X’X’_X’_X)
\/\/WW bs=(X,X,X,X,—X,—X,—X,—X)
‘ B =(X,— X, X,—X,—X,X,X,—X)
HSQC 21,8, —»

¢,
| ‘élé‘ I ‘glg ty . Prec
2 2 2 2 \/\V/WVAv
\ K E | E \/
S I ‘ 2 2 ‘ I decoupling

Nl

2J
¢, ={X,—x}+HR
b,={Y.Y.~ Y.~V
¢b..=(X,—X,—X,Xx]

rec”

A



Defined de- and rephasing with pulsed field gradients

If a desired coherence (transverse magnetization) is dephased by a pulsed field gradien,

a second gradient must rephase the spatial variation along the sample in order to get an observable signal:

example:

G.(2) Gg(2)
» Teplign(z)) — > 1T eplign(z)) > explip,(z)explipg(2))

I +

to achieve a macroscopic observable signal, the second gradient must compensate the dephasing caused by the
first gradeint:

exp{i qu(z)}exp{i ¢B(z)}=exp{i (¢A(Z)+¢B(Z))}:l that means ¢A(Z)+¢B(Z):O

— ™ By setting strength and duration of different gradients defined selections of coherence transfer pathways
within a single scan are possible



1 1
NP, OFDN

1 1
NP, OFDN

Selection of refocusing within a single scan by a pulsed field gradient

I 1" > | 7(Ap=0)+1"(Ap=—2)+1,(A p=—1)
|~ —» 1 (Ap=0)+1"(Ap=2)+1,(A p=1)
X Suppression of undesired transfers by phase cycling — » EXORCYCLE
—————» four independent scans necessary
Ap==%x2
I I ’ — | +exp{| (¢Qrd+¢5rd)}+l _exp{l (¢Qrd_¢5rd)}+l zexp{I d)grd}
‘ ‘ | | _exp{_i (¢Qrd+¢5rd)}+l +e>(p{—i (¢grd_¢§rd)}+l zexp{_i qbgrd}
G* G®
X —» G" =GP selects the refocusingwithin a single scan and

suppresses the unwanted transfers



Coherence selection in the DQF-COSY by pulsed field gradients

| $,=X,—X
I, S ‘ t1 ‘ Tgrdl Tgrd ‘ TgrdITgrd \A/\A t2 1¢rec (b 1:X —X
/\A rec !

G* G®

2 .........

N\ S,
| ’ N\
1\ Q N[\
2 N s \_/

(Y|:Ys)

21" S expli 26y 4(2)) > | epi(2¢q4(2)—dga(2))) 2¢ga=Pgra
217 S exp{—i 2¢44(2)} > | expli(—2¢yq(2)—bgq(2)) —2¢ga=Prc

~» Only the transfer 21 *S*— 1~ orthetransfer 21"S"— 1~ can be selected in a single scan, but not both !

The spinecho T, - 180° - T, serves for refocusing of the evolution of chemical shifts during the duration of the

gradient (avoids a large first order phase error)



Coherence selection in the HSQC by pulsed field gradients

A A < A A
. —_— —_ — —_— t ’(l)rec 1
A B B 2 -
2 2 2 g 2 \/\/\Wv A~37.
P i by =[x, —x]
1 L _ v
S: I ‘E 9 TgrdITgrd I decoupling ¢2 {y1y1 Y, y}
d)rec:{X’_X’_X!X}
N
Grd.: a ‘ ‘
Gl G2

o(a)=—21,S,=i[l,S"=1,S] —— o(b)=—i[l,S"exp{—i Qgt,}—1,S{i Qt,}]

G,
— o(b)==i[l,S"exp(~i (Qst,—,(2))} =1 ,S [i (Qst,—p,(2))]] mit  ¢,(2)=ysT44G,2
O %[—i 21,S,-21,S,lep(~i (Qgt,—p,(2))) 21.S,>NOT.

+2[121,5,-21,8,|ep[i (Q4t;~¢,(2))

_%)| “lexp (=i Qqt, ) exp (i Q,t,)exp i (¢, (2)—p,(2)))
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in order to obtain a macroscopic observable signal the spatial dependent phases caused by the two gradients
must be cancel each other:

$1(2)=¢,(2) ————» selection of transfer I ZSf“—%l B
ySTgrdGlz:yl TgrdGZZ
G »
G, Ye under the assumption that the duration of both gradients are equal
or —¢,(2)=¢,(2) ——» selection of transfers I ZS‘—%I B
_ySTgrdGlz:yl TgrdGZZ
G, vy : : :
e under the assumption that the duration of both gradients are equal
2 ¥s
In both cases a phasemodulated signal results: Sgnal (tl,tz)z%exp{—i Q. tlepliQ t,}] mt y.G =y, G,

. 1 : : :
Sgnal (tl,t2)=ze>(p{l.Qstl}exp{l.Q"EZ} mit yG,=-y,G,



With the alternation of the polarity (sign) of G1 (or G2) for a given t, inkrement a phaseble hypercomplex signal

can be created by linear combination:

. 1 : : :
Signal (t, ’tz):ZeXp (i QgtjexpliQt,} mit yG,=y,G,

. 1 : : :
S'Qnalp(tlitz):ZeXp{' QgtfexpliQt,} mit yG,=-y,G,

» Ygnal_(t,,t,)=9Sgnal.(t,,t,)+Sgnal(t,,t )=1cos([2 t)exp{iQt,]
cos\*11*2 P\*11%2 N\*11%2 2 S*1 | =2

. e . 1. :
Signal,(t,,t,)=i(Signals(t,,t,)—Sgnal (t;,t,))=>9n(Qgt, ) exp {i 2, t,)
2

,,echo-antiecho transformation*

After the echo-antiecho transformation the resulting twodimensional FID shows the same signal intensity like a
‘classical' HSQC, recorded phase sensitive by the SHR method,
but

during the echo-antiecho transformation the noise from both single experiments adds up, and for the noise level

results::

|Noise, . 4/=|Noise,+ Noise,|=v2|Noise,| ——» S/N(SHR)=v2S/N(grd.selection)



Comparing the two coherence selections with gradients in the experiment HSQC and DQF COSY

the following aspects result:

1.  Selection by gradients during a fixed time interval (e.g. i the DQF-COSY)
reduces the signal intensity by a factor of 2 compared to the selection with a proper phase cycling,

because only the positive or the negative coherence results in observable signal.

2. Selection by a gradient during the evolution period reduces the overall signal intensity
1 signal ( phasecycling) , if only one of both cartesian components of the desired coherence

to —
V2

Is transfered to the final observed signal.

1 . 1, -
The question now is, whether the transfer | ZS+=§[2| ;S +121 zSy]—>§|

Is possible, that both cartesian components can bet ransfered to the observable signal.



Coherence order selective transfer (sensitivity enhancement)

y
. sgelags b
I 2 I 2 | 2 I 2 ‘TgrdITgrd\/\/\MA A st
+ ’ i
S: ‘Tgrd ITgrd I I . (bl: Y
. ‘ decoupling

‘a ‘

< G, G,

a(a)=%[—i 21,8,—21,S,|exp(—i (Qat,— by (2)

+ [I 2| zSX_2I zSy]e(p{l (Qstl_(bl(z):

N

Transformation of both cartesian components (relevant interactions only):

%(U"’Sx) smJ2l1,S, % , ml, %|X ud i
21,S, - 21,5, -, -, — -
T
—(1 +S,) il E(Iy+Sy) AmJ21,S,

21,S, » 21,5, —» 21 S, » —21 .S, |



the overall transfer with these transformation is given by:

1, . 1, . (=), -
E[—'ZUSX—Z'ZSy] — E[(—|)|X—Iy]=—2 |
1. 1. |
+§[|2IZSX—2IZSy] +§[|IX—Iy]=§I
with relative gradient strengths  y .G,=y, G, thetransfer | S” —%I ~ isselected.
This results in the following observed signal: Sgnal (t, ,t2)=1 exp{—i Qqt,Jexp{i Q,t,}

2

With the gradient strengths  y G,=—y, G, and ¢,=— thetransfer | S~ —% | ~ is selected.
This results in the following observed signal: Sgnal,(t, ,t2)=%e><p{i Q.t lexpliQt,)
The echo-antiecho transformation gives the final twodimensional phase sensitive signal.

This signal intensity is 2 times more intensive compared to the previous selection by gradients, if the

additional pulses (imperfections !) and time intervals (relaxation !) cause no further signal loss.



13C [ppm]

Comparison of different techniques : 'H, **C HSQC on sucrose
(ca. 15 mM sucrose in D,0, 400 MHz, 128> (F1) 1024* (F2) data points, NS = 16, total duration ca 1.5 each spectrum)
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Origins of the t,-noise

In the chosen pulse program for the standard HSQC the rf phases allow that the resonances from
protons not bound to a **C-spin (natural abundance *C ca. 99% !!) result in observable signal in the FID.

—® These must be suppressed in a difference manner by a proper phase cycling !

Instabilities of the spectrometer causes a not perfect reproducible signal in different scans,

therefore along t, a variation (noise) of the not perfectly suppressed signal results

In the gradient experiment the signals from protons not bound to **C-spins are suppressed effective in each single

scan. This minimizes the residual t;-noise to a large extend.



Water suppression in protein NMR spectroscopy

16-bit analog to digital converter: intensity is measured in integer numbers ranging from -2° bis +2°-1,
that is from -32768 bis + 32767

proton concentration of H,0O 2 x 55 mol/l, 1.1 * 10° M

typical protein concentration 1-2mM

—» H,Osignal is ca. 50000 - 100000 times more intense than an individual protein proton.

It is often not possible to detect protein signals near the not suppressed water !

—» Theessential detection of the amide protons requires samples in H,O, because in D,O

the exchange of labile protons with deuterons results in their signal loss.



Onedimensional *"H NMR experiment on protein with out water suppression
(2 mM lysozyme in 90% H,0/10% D,0, 400 MHz, NS = 32)

600—fache vertikale Expansion

12 10 8 6 4 2 0 - 12 10 8 & 4 2 o =
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Onedimensional "H NMR experiments with presaturation for water suppression

. y B,
duration ca. 1-3 s, =201to 50 Hz
2Tl' 4)1 ¢rec
1g.
H- B |

¢1:{X1y1_x1_y}

additional spin echo

1 rec

b, P, ¢
'+ ) B o
fith

Acal00 us

$,={4x,4y,4(—x),4(-y)}

b,={X,y,—Xx,~ Y]

o= X=X, X, =X, Y, =Y, Y, Y, = X,—X,—X,—=X,=Y,Y,~Y,Y]



Onedimensional "H NMR experimente on a protein in H,O in water

using presaturation for water suppression

: B
(2 mM lysozyme in 90% H,0/10% D, 0O, 400 MHz, NS = 32, saturation 3 s, ¥ = —=49Hz )

21T

Vorsattigung Vorsattigung mit Hahn Echo

M e e

12 10 8 6 4 2 0 -2 12 10 8 6 4 2 0 -z

3 (1H) [ppm] 5 (1H) [ppm]




Problems with water suppression by presaturation

Saturation is frequency selective, protein resonances near the water are also saturated

Residual water signal is often most intense signal in the spectrum even after presaturation. In 2D experiments this

results in intense t,-noise at F, = d(H,0) and causes baseline distortions.

The exchange of labile protons (e.g. amide protons) with water results in saturation transfer,

if the exchange rate is faster than the longitudinal relaxation of the exchanging proton




Water suppression with pulsed field gradients

Basic principle: spinecho with two gradients of equal strength and duration

—» good selection of refocusing in a single scan

. J I \/\/\MA
Grd.: ‘ ‘

Goal: The 180° pulse shall only refocuse protein magnetization but not the water spins (H,O antiselective pulse)

in this case the difference of the gradients (=0) acts on the protein signals,

and water protons are affected by the sum of the two gradients

— > efficient dephasing of the water magnetization by the gradients



Watergate

180° ()
90°(-X)pi20 [l 90° (X120
‘ %, 7/Rimn
i
Grd.: ‘ ‘
Gl Gl

Binomial (3-9-19) watergate

| | \/\/\MA

Rotation anglel for H,O protons: -90 ° +180°-90°=0°

Rotation angle for protein protons:  180°

3a(X)-t-9a(X)-t-19a(x)-t-19a(-x) -t -9a (-x)-t - 3a (-x)

[

Grd.: ‘ ‘

26a =180°,
excitation maximum at ca. 1 / (2t) relative to carrier frequency

Gl Gl

double watergate (excitation sculpting)

180°(x) 180°(x)
‘ 180° (-X) 100 180°(-X) 1120
7| I | IR

Double watergate improves water suppression

Grd.: ‘ ‘ ‘ ‘

\/ \/ JTVY and compensates the off-resonance effects caused by

the first selective pulse.

Gl Gl G2 G2



Binomial (3-9-19) watergate and excitation sculpting on lysozyme in 90 % H,O / 10 % D,0O

3-9-19 Watergate
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3-9-19 Double Watergate
Dauer der Wasserunterdrtckung ca. 10 ms
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Excitation Sculpting
mit 1.65 ms soft 180° Puls
Dauer der Wasserunterdrtckung ca. 10 ms
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Additional features of watergate-techniques

No continuous saturation during the relaxation delay between the scans

— > reduces saturation and saturation transfer

Water suppression is frequency selective, protons near the water resonance are also affected

The water suppression occurs after the exciting pulse. During the time period necessary for water suppression

transverse relaxation reduces the initial signal intensity.

Example: Excitation sculpting, selective pulse 2.5 msm, gradient puls ca. 0.5 ms

——» total duration ca. 12 ms

T,(HY, lysozyme)ca. 35 ms > signal loss of ca. 30% !



Minimal water saturation - Water-flip-back

Signal accumulation faster of the logitudinal relaxation of water results in a saturation transfer of saturated water

protons to fast exchanging amide protons.
This results in a reduced signal for fast exchanging protons.
If the applied pulses rotate the water magnetization to +z (equilibrium) at the beginning of the FID,

the saturation transfer will be minimized.

90°(x) 3-9-19
H: \ /\ 0 AvAv

90°(-X)t120 ‘
ARRAN
NS

H,0: +z H,O: +z
- A A




Aeqous samples and radiation damping
'H pulse length calibration

| , » | ;cos(wyT) + | 4sin(w;T)
1% H20 in D20 (400 MH?2) 90% H20 / 10% D20) (700 MH2)
T II l[ I } j LW I HMWWW

20 40 60 80 10 20 30 40 50 60
T [microsec.] T [microsec.]



Determination of radiation damping time constant at 700 MHz

90° - t - Grad. - 90° - acq. 180° - t - Grad. - 90° - acq. 180° - t(weak Grad.) — 90° - ac

t msl t Imsl t[sl



Water-flipback in a 'H, N HSQC with selective pulses

3-9-19
-
H: ‘ 4 I 4 ‘ I 4 ||H|| 4 \/\/\MA
| kAN
t -t
BN- I ‘ 51 | 51 ‘ I decoupling
«: A A A AA A
Gl Gl G2 G3 G4 G4

Gradient pairs G1-180°(H)-Gland
G3-180° (H) - G3

suppress radiation damping by dephasing anf rephasing of the water magnetization during the INEPT steps

selective water flipback pulse : 2 ms rectangular pulse or shaped pulse



Water-flipback in a *H, N HSQC without selective pulses (FHSQC, fast HSQC)

3-9-19(x)

'H: ‘ A I A ‘ I ‘A ||HI| . \/\/\MM
, TR
t,
LINE I ‘ 5 3 ‘ I decoupling

Gradient pairs G1-180° (H) - G1 and
G2 -180° (H) - G2
suppress radiation damping by dephasing — rephasing of the water during the INEPT steps and during N evolution

'H pulse phases are chosen that H,O magetization is along +z (quilibrium) at the beginning of the FID

binomial 3-9-19 watergate suppresses residual transverse water magnetization



Different water suppression schemes in 1D "H, ®N HSQC experiments

water—flipback

0 1 2 3 4 5 6 7
Dephasierung durch Gradienten

| | | | | | |

0 1 2 3 4 5 6 7
zusatzliche Vorsattigung
wahrend des Recovery Intervalls

|

0 1 2 3 4 5 6 7

Recovery Intervall [s]



Different water suppression schemes in a 1D 'H, N HSQC with a relaxation delay of 1 sec

LI

1 1
water flipback Dephasierung durch Gradienten zusatzl. Vorsattigung



Sensitivity of a NMR experiment as function of the repetition rate

\

', signal accumulation

repetition time / T1

—> optimal interscan delay approx. 1.25*T1

(spin diffusion averages proton T1 in macromolecules)



'H, **C constant time HSQC for **C, **N labeled proteins

y y

wo fafa| ] 1 |shs el
(]51 ‘ (154 ‘ 4)2 ¢3 \/\/\/vvv
T LT G L T, 4

3l 2 22 a0 22 272 decoupling

13C|: ‘ ‘

1

G1 G2 G3 G

o | A A

b, ={x,—X] G4=-2CG3~-0.25G3

b,={X,X,—X,—X] Yn

4)3:{}’,}’,—}’,—}’} A=17ms ; 6=0.8ms

¢,={4(x),4(—=x),4(y),4(-y)}

qbrec:{z(X!_X! X1X)’2( X,—X,X, X)}

Recording of the antiecho : inversion of G4 and ¢,




Remarks to the presented pulse sequence

Before the initial INEPT the *C equilibrium z-magnetization is dephased by 90°(**C) - gradient dephasiert.

This ensures that no observable magnetization results from this equilibrium magnetization.

The 1J(**C?, *C") coupling during the evolution period is refocused by selective 180°(CO) pulses.

In the original ct-HSQC these 180° pulses are applied at different time points:

original: Beai. | T " ‘
J c™": ‘ > I 5

13C|: ‘ a L

t t
0 (a)=2HICJe08(mr J o (T+5))=4HICIC  dn(m I e (T+35))

—» 180° (**C™) pulse must not act on C', it must be bandselective !

1‘T t1
N
4 2 4‘

3CO: ‘ a ‘

o(a)=2HJC% —»No boundary condition for the 180° (**C™ Puls,

now:

because *J(**C? *C") coupling is completely refocused !



Water suppression in a *H, **C ct-HSQC with gradient selection
(ca. 2mM *°C, ®N G. theta Rubredoxin (70 aa) in H,0 /D,0 9:1, 600 MHz)
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Intensity of residual t;-noise at F2(H,0) : only 3-5 times the thermal noise level !!



