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The magnitude of the quadrupole coupling constant (e2Qq/#%)
of a deuteron is a good probe for hydrogen bonding. In protein
structures, hydrogen-bonding interactions between side chains, be-
tween side chains and ligands, and between side chains and solvent
are frequently found. An experiment that detects, via scalar cou-
pling, the influence of a deuteron on the **N nucleus of asparagine
or glutamine side chains is presented. The experiment depends
upon the resolution of the AN (D) isotope shifts that allow the
various isotopomers and isotopologues to be distinguished when
*N-labeled samples are dissolved in solvent mixtures of H,0/D,0.
N lineshapes with theoretical simulations that provide estimates
for the *H quadrupole coupling constants are presented. The in-
fluence of ®*N—-2H dipolar—quadrupole cross correlation and the
resulting small frequency shifts in the **®N multiplet are resolved
in some of the spectra. The experimental data are provided using
the free amino acids asparagine and glutamine for which the side
chains were isotopically enriched in **N and the recombinant pair
of modules, fibronectin type 1 and epidermal growth factor, (F1-
G) of tissue plasminogen activator, which were uniformly isotopi-
cally enriched in N.  © 1997 Academic Press

INTRODUCTION

Most **N isotopically enriched recombinant proteins will
contain several amino acids whose side chains also have a
N nucleus. There are several recent NMR structures which
highlight possible interesting hydrogen-bonding or salt
bridge interactions involving amino acids with N nuclei in
their side chains. These recent examples include hydrogen-
bond interactions between side chains in model peptides (1)
and between protein side chains and bound ligands (2-5).

NMR has been used extensively to probe hydrogen bonds
in solution (6). The measurement of primary isotope shifts
which arise from substitution of a ?H or *H for a hydrogen-
bonded proton can be used to give precise information on
the symmetry of the hydrogen bond. The magnitude and
sign of the primary isotope shift has been shown to give
information about the shape of the hydrogen-bond potential -

energy surface (7,8). A method for predicting hydrogen-
bond lengths, which is applicable to the backbone amide
protons in proteins, has also been described (9, 10). This
technique involves a measurement of the difference between
the observed amide proton chemical shift and its random
coil chemical shift. The observed difference can then be
related to the length of the hydrogen bond.

For a hydrogen bond of the form X—2H- - - Y, the magni-
tude of the deuterium quadrupole coupling constant (e?Qq/
) has been correlated with the strength of hydrogen bond-
ing. Theoretical (11, 12) and experimental evidence for this
relationship has been given. The experimental data have
been obtained mainly by using solid-state NMR and NQR
techniques (13—19), but there have a so been investigations
in the liquid phase (20—22). It seems to be the difference
between bond length of X—2H and ?H - - - Y that determines
the value of the deuterium quadrupole coupling constant
(11, 13, 17). As the hydrogen-bond strength increases, the
X—2H bond length increases and the contribution of the X
nucleus to the electric field gradient at the ?H nucleus de-
creases faster than the additional contribution arising from
the more distant charge distribution represented by the Y
atom (11). Very good correlations of the ?H quadrupole
coupling constant have also been found with either
(®*H---Y)™3(15,16) or (*H- - - Y) ' (18) aswell aswith
the difference [(X—2H) — (®H- - - Y)]. All these relation-
ships predict a decrease of the net field gradient with increas-
ing strength of the hydrogen bond. Most of the published
data have been concerned with the O—2H- - - O system.
However, similar arguments have been applied to the N—
H- - -Y system, where the H quadrupole coupling con-
stant has been found to exhibit alarge variation in magnitude
because of the influence of hydrogen bonding (15, 19).

To estimate the ?H quadrupole coupling constant in a
macromolecule in solution, we have used an experiment
which observes, indirectly, the environment of a deuterium
nucleus through its influence upon the relaxation of a N
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nucleus to which it is scalar coupled. The experiment de-
pends primarily upon the resolution of the fairly large
AN (D) isotope shifts* when a sample, containing aspara-
gine or glutamine, is dissolved in a solvent mixture compris-
ing H,O and D,O. Theoretical simulations of the resulting
N lineshapes require a number of broad assumptions but
do yield estimates of the magnitude of the H quadrupole
coupling constant both in the free amino acids and when
these residues are part of aprotein. An important assumption
is that the interactions responsible for the tertiary protein
structure, some of which are hydrogen bonds, are not sig-
nificantly altered by the solvent mixture. This requires that
the strength of a particular hydrogen bond should remain
essentially independent of the solvent ratio.

THEORY

The system to be investigated here comprises three
spins, **N, *H, and ?H. However, during the **N evolution
period of a 2D *N—"'H correlated experiment, the scalar
coupling between the **N and *H nuclei is removed by *H
broadband decoupling, reducing the **N resonance to a
three-line multiplet. The relaxation of a spin-3 nucleus
scalar coupled to a spin-1 nucleus has been described (23—
31). Perhaps the most striking feature of this spin system
has been shown to arise from the dipolar—quadrupolar
cross-correlation interaction. For a spin-3 three-line multi-
plet, thisrelaxation process can giverise, in medium-sized
molecules such as proteins, to quite large frequency shifts
for the individual components of a multiplet, leading to
very asymmetric lineshapes (28—31).

The labels, eigenstates and eigenvalues for a*®N—2H sca-
lar-coupled spin system, where Jyp is negative, are |1) =
la+) = (vn — )2 + vp, |2) = |a0) = /2, |3) =
la—) = (v + Jp)/2 —vp, [4) = |B+) = —(vn — Jno)/
2+p, |5) = [B0) = —u/2 |6) = |B—)=—(un+ )/
2 — vp, Where a, 8 and +, 0, — refer to the spin states of
the **N and 2H nuclei, respectively.

The matrix elements, transitions and characteristic fre-
quencies (rads/sec) required for thethreep = +1 N single-
guantum coherences associated with the +, 0, — spin states
of the deuteron, expressed in terms of single-transition oper-
ators, are piy = |a+)XB+| = wh = O — 27dwpo, P2 =
|a0){B0| = wi = O, pas = |la= )X B—| = wn = +
27 Jwo, Where wy is the Lamor frequency of spin N (in a
frame of reference rotating at the carrier frequency w,;) with
offset Oy = wn — wyi. Consequently, with 27 Jyp negative
(and >|6]), the relative transition frequencies associated

! The definition, "AX (*H, 2H) = "AX (D) = § X (*H) — §X(?H), which
is used for the isotope shifts follows that in Ref. (48), where 6X (*H) is
the chemical shift of the deuterated species. If the isotope shift is to lower
frequency then, with this definition, the sign is positive.

with the single-transition operators are in the order
pia(wi) > p2s(wl) > pas(wn).

The time evolution of the density matrix can be described
by (24)

d{o(t)}/dt = —{iHo + I'} { o(1)}, [1]

where H, is the nuclear spin superoperator and I' is the
relaxation superoperator. The diagona elements of H, for
the **N—2H spin system contain information about the spin
variables such as resonance offset (2) and scalar coupling
constant (Jyp), as well as the dynamic frequency shifts (6)
arising from relaxation (28, 29).

The main relaxation mechanisms contributing to *°N
relaxation are quadrupole relaxation of the H nucleus,
dipole—dipole relaxation of both the *N—'H and **N—2H
spin pairs, and anisotropic chemical-shift relaxation of the
5N and possibly ?H nuclei. These relaxation mechanisms
can give rise to several cross-correlation phenomeng;
these include dipolar—quadrupole (**N—2H, H), csa—
quadrupole (H, 2H), and dipolar—csa (**N—2H, **N).
The dipolar cross-correlation process (**N—"H, *N—2H)
was assumed to be small and was neglected. A chemical-
exchange term, which is less well defined than those dis-
cussed above, could also give rise to *°N line broadening.
This last process would reflect afairly slow motion of the
complete side chain between several well-populated sites
at a rate which is still fast enough to average any N
chemical-shift differences.

The frequency properties of the correlation function are
developed using the spectral-density function defined as

j(aw) = (L/4n)7/[1 + i(aw) 7]
= (1/4m)[J(aw) — iQ(aw)],

[2]

where J(aw) and Q(aw) are the real and imaginary terms
of the complex spectral density, j(aw) (24, 28, 29, 34). It
has been shown (24, 35) that the significance of the imagi-
nary term of the spectral density, if nonzero, is to produce
a small frequency shift, 6§, the magnitude of which is depen-
dent on the motional properties of the spins. The correlation
function is subdivided following the approach of Lipari and
Szaho (36). In this case, the spectral density is of the form
j(aw) = (U/4n){S*r/[1 + i(aw) ] + (1 — S?)7/[1 +
i(aw)T]}, where 7, is the isotropic rotational correlation
timeand 1/7 = 1/7, + 1/7;, 7; is the effective correlation
time characterizing the rapid internal motions (where 7; <
7.), and S? is an order parameter. A justification for this
expansion, in the presence of both auto- and cross-correl ated
motions, is given later.

The 3 X 3 matrix, I', is formed through summation of
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the individua relaxation contributions, where the interaction
constants are defined as

dipolar, Dy = (6m/5)"?(uol 47) yiyihlr3;
Csq, Ci = (87T/15)1/2’yiA0'i Bo,
quadrupolar, Qy = (37/40)*?(e*Qq/#).

The matrix I' = 3,_;5 I'', where I'* is the contribution
to relaxation from ?H quadrupolar relaxation, I'?isapossible
contribution to relaxation from 2H csa—quadrupol e cross cor-
relation, I' is the contribution to relaxation from *N—2H,
?H dipolar—quadrupolar cross correlation, I'* and I'® are the
contributions from *N—'H and N—2H dipolar relaxation
respectively, I'® is the contribution to relaxation from **N
csa, I'’ is the contribution to relaxation from **N—2H, *N
dipolar—csa cross correlation, and I'® is a possible contribu-
tion to relaxation from chemical exchange.

The individual relaxation elements of the relaxation ma-
trix, I', for each relaxation mechanism are given below,
where the superscript is used to denote the particular relax-
ation mechanism and the subscript identifies the matrix ele-
ment:

I Tig = r%ese = 4(QD)2(1 + 772/3){ J(wp) +
23(2wp)};

- 051—‘%525 = 1—‘i425 = 1—‘%514 =
4(Qo)*(1 + n*/3){I(wo)};

Tise = T3es = —8(Qp)*(1 + n?/3){I(2wp)}, where
n isthe asymmetry parameter of the?H electric-field-gradient
tensor. n for ?H is usually small and axia symmetry is a
good assumption for a N—D spin system.

P? Tina = —Thos = —Thsu = Toses = T35 = —
[ = 4(QoCob)P2c0os(foc)J(wp), wWhere P,cos(foc) is
the second-order Legendre polynomial and fqc is the angle
between the principal components of the assumed axially
symmetric electric-field-gradient and chemical-shift tensors
of the deuteron. This relaxation mechanism does not contrib-
ute to the dynamic frequency shift (28). Values for the 2H
chemical-shift anisotropy, Aop, of a ND spin system are in
the range of —14 ppm (37). This magnitude is too small
for line broadening from the cross-correlation process to be
discernible in the experimental spectrareported here, and the
contribution of this mechanism to relaxation was neglected.

3 63, = —-056% = 6% = —4(QpDyp)P.cos
(Aap) Q(wp), where P,cos(fqp) is the second-order Leg-
endre polynomial and 65 is the angle between the ND in-
ternuclear vector and the principal component of the as-
sumed axialy symmetric electric-field-gradient tensor of the
deuteron. Q(wp) refersto the imaginary term of the complex
spectral density. The maximum magnitude of the dynamic
frequency shift, 635, was found from the simulations to be
1.7 Hz.

1 _ 1 —
1—‘2536 - Iﬂ3625 - =

I'*: Ting = Tlss = D = (Dan) ?{ 23(0)/3 + I(w —
wn)/6 + 053(wn) + J(wh) + J(wn + wh)};

6% = 635 = 6% = (Dnn)* {Q (wh-wn) / 6 + 0.5Q (wn) +
Q (wh + wn)}, where Q (aw) refers to the imaginary term
of the complex spectral density.

I'®: T34 = T3 = (Dnp)?{83(0)/3 + J(wp — wn)/3
+ 2J(wn) + J(wp) + 2I(wn + wp)};

3525 = (Dap)?{ 23 (wp — wn)/3 + 23(wp) + 4I(wn +
wp)};

Iﬂ?425 = ngu = rgsss = ngzs = (DND)Z{J(WD)};

6% = 6% = (Do) { Q(wp — wn)/3 + 2Q(wn) + 2Q(wp
+ wn)};

635 = (Do) *{ 2Q(wp — wn)/3 + 4Q(wp + wn)} , where
Q(aw) refersto the imaginary term of the complex spectral
density. The maximum dynamic frequency shift, §°, from
this mechanism is in al the cases considered here <8% of
the magnitude of the contribution to the dynamic frequency
shift from 63, the dipolar—quadrupolar cross-correlation
mechanism.

re: TSy, = ngzs = rgsss = (CN)Z{ 2J(0)/3 +
0.5J(wn)} , where the **N chemical-shift tensor for the side-
chain amide of asparagine has been found to be axially sym-
metric to a good approximation (1 + n?/3) = 1.05, and
with Aoy = —165 ppm (38); this value for Aoy was aso
used for simulations involving glutamine.

I'": Tl = —Tles = (DnpCn)P2Ccos(fpc){83(0)/3 +
2J(wn)}s

12 = —063% = (DnpCn)P2cos(boc) {2Q(wn)}, Where
P,cos(fpc) is the second-order Legendre polynomia and
foc is the angle between the *ND internuclear vector and
the principal component of the axially symmetric **N chemi-
cal-shift tensor and Q(wy) refers to the imaginary term of
the complex spectral density. The principal component of
the N csa tensor lies in the same plane as the ND in-
ternuclear vector but is not collinear with it, subtending an
angle of 30° (or 150°). A comment about the approximate
error introduced into the simulations by assuming collinear-
ity for either of the Z-1-d or E-1-d isotopomers appears later.
The maximum magnitude of the dynamic frequency shift,
6’, was found from the simulations to be about 0.1 Hz.
Using negative values for Jyp and Aoy resultsin line broad-
ening for the low-frequency component of the **N multiplet.

I'®: T8, = I'ssos = IN'esas = R, Where R, is an exchange
contribution to the N relaxation.

The complex eigenvalues and eigenvectors of Eq. [1] were
obtained using NAG library routines (NAG Group Ltd., Ox-
ford, UK).

EXPERIMENTAL

The samples of N-labeled asparagine and glutamine
were used without further purification. The structure of the
N isotopically labeled recombinant protein sample of fi-
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FIG. 1. The nomenclature for each species follows that in Ref. (43),
where E-1-d and Z-1-d are referred to as isotopomers and the other two
species are called isotopologues.

bronectin type 1 and epidermal-growth-factor-like pair of
modules (F1-G) of tissue plasminogen activator, at pH 3,
has been reported (39, 40). All NMR spectra were recorded
from samples at pH 3 and 10°C. A temperature of 10°C was
chosen in order to reduce the rate of intermolecular solvent
exchange. Using the data supplied in (41), this rate was
calculated to be about 0.2 s~* for afully exposed asparagine
or glutamine at pH 3 in H,O. The pH values reported are
the direct meter readings, uncorrected for isotope effects.

The NMR spectrawere obtained on a homebuilt spectrom-
eter, operating at 750 MHz for *H, which was interfaced to
an Oxford Instruments superconducting magnet and which
used a homemade RF probehead (42) with a three-axis gra-
dient set.

The lock gating circuitry incorporated a fast GaAs RF
switch which enabled the probe lock coil to be connected
to the 2H lock or to the output of the ?H decoupler. This
enabled interleaving of the decoupling while retaining nor-
mal lock mode operation for long-term experiments. The
switch has a very low insertion loss, ensuring that the lock
sensitivity is not degraded.

The chemical-shift range of the deuterons to be decoupled
was fairly small, approximately +85 Hz. A WALTZ16 RF
field strength of yB,/2r = 350 Hz was found to be sufficient;
this RF field strength also significantly exceeds Jypo and
typically it was found that (31) [yB,T,(?H)]? > 1 where
T,(?H) was estimated from the lineshape simulations.

The primary isotope shift, "AH (D), was measured using
the solvent HOD signal asareference. Any additional contri-
bution to the measured primary isotope shift of the amino
acid from an isotope shift in the HOD resonance was ne-
glected. These *H and ?H spectra were recorded unlocked.

RESULTS AND DISCUSSION

There are four distinct species, differing in the side-chain
amide group, when a sample of asparagine or glutamine is
dissolved in a solvent mixture of H,O and D,O, as shown in
Fig. 1. Provided there are no isotope effects on the chemical
equilibria (see text) the relative proportions of each species
present in the solution can be estimated from the molar ratio
of the solvent with a value of 3.85 for Ky, (44, 45), where
Kw = 4[HOD]?/[D,O][H;0]. Ky, does not vary signifi-

cantly with temperature (46). Using a value for K, of 4
changes the [HOD]/[H,O] ratio by only about 1%. Thisis
inside the anticipated experimental errors of the NMR inte-
grals and a value for K, of 4 was assumed.

A part of the *N scalar-coupled 750 MHz one-dimen-
sional *"H NMR spectrum from a sample of the amino acid
glutamine, *N-labeled in the side-chain amide group, is
shown in Fig. 2. It is usual for the He (trans) proton to be
downfield of the H; (cis) proton in primary amides (47),
and this observation makes possible the assignment of the
protons Hg and Hy in the free amino acid. The two-bond,
2AH (D), isotope effect of 2H substitution is clearly distin-
guished. The shift is to higher frequency for both the Z-1-
d and E-1-d isotopomers and is largest for the E-1-d isoto-
pomer. The substitution of a lighter isotope by a heavy iso-
tope usually leads to a shift to a lower frequency (48).
However, for the ammonium ion, substitution of *H by *H
causes a shift of the *H resonances to a higher frequency
(49); apossible explanation for this observation, based upon
the el ectronegativity of the nitrogen, has been provided (50).

A
Z-1-d
1 (Hg)
B
E-1-4
1(Hy)
40Hz
I
Hz

FIG. 2. The spectrum was recorded from a sample of glutamine **N-
enriched in the side-chain amide dissolved in an equimolar mixture of H,O/
D,O. (A) N-"H scalar-coupled resonances from species 1(Hg) and Z-
1-d and (B) **N—*H scalar-coupled resonances from species 1(H;) and E-
1-d. The spectrum, recorded without N decoupling, has a final digital
resolution of 0.19 Hz/pt, the major and minor tick marks are at 40 and 20
Hz, respectively, and the time-domain data were apodized with a Lo-
renztian-to-Gaussian resolution-enhancement function prior to Fourier
transformation. The chemical-shift difference between the resonances of
1(Hg) and 1(H;) is 565 Hz (0.753 ppm), JH,Hg = 2.0 Hz, J*NH; =
—89.3 Hz, J™NHg = —91.2 Hz, and the J,;x coupling constant could not be
resolved. The two-bond isotope shifts, 2AH (D), are —2.2 Hz (—2.93x10~*
ppm) and —3.0 Hz (—4.0x102 ppm) for the Z-1-d and E-1-d isotopomers
respectively.
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Whether a similar consideration applies to glutamine (or to
asparagine which exhibits similar shifts) is not known. We
note that the isotope shift *AH(*N, *N), measured using
an equimolar mixture and N decoupling, is <1 Hz for
both *H resonances. The chemical exchange via the solvent
between the various species at this pH and temperature is
clearly very slow as no significant broadening of the reso-
nances is observed [k, < |27 (PAH(D))]].

In the absence of isotope effects on the chemical equilib-
rium, the relative proportions of the various species, **NH,,
5NHD, and **ND,, are given by the statistical formulas d?,
2d[1 — d], [1 — d]?, respectively, where d is the mole
fraction of H,O in the solvent. To measure the integrals from
this sample, a1D *H spectrum was recorded using a binomial
excitation sequence, avoiding solvent saturation, with arecy-
cle delay of 30 s. For each isotopomer, including a fairly
large experimental error of about 10%, the integrals, derived
from curve fitting Lorentzian lines to the spectrum, indicate
a deviation from the statistical proportions. The isotope ex-
change equilibrium constants, defined as g = (**NHeD/
NHgH, ) (d/[1 — d]) and ¢, = (**NDH,/*NHH)(d/[1
— d]), were found to be 0.72=0.1 and 0.79+0.11 respec-
tively. The other isotope exchange equilibria, represented by
¢ = (*ND,/*NHD)(d/[1 — d]), cannot be measured from
these spectra.

There are many reported examples, including proteins,
which exhibit isotope exchange equilibrium constants (frac-
tionation factors) different from unity (46, 48, 51). A value
for ¢ less than unity indicates that both isotopomers have a
preference for *H over H, suggesting both protons are in-
volved in hydrogen bonds either with the solvent or perhaps
in some intramolecular interaction with the carboxyl group.
If the amino acid is changed to asparagine, the chemical-
shift characterigtics of the *H spectrum are similar at this
pH and temperature.

Measurement of the primary isotope shift, *XAH (D), from
either asparagine or glutamine for either the H; or the Hg
siteindicates that the shifts are positive and with amagnitude
of less than 0.03 ppm. The observation of a primary isotope
shift which is in each case positive and close to zero is
consistent with hydrogen bonds which may be described by
adouble-well potential energy surface where the equilibrium
position of the two isotopes is similar (7, 8).

A one-dimensional H spectrum of asample of asparagine
in D,O is shown in Fig. 3A. The most striking feature of
this spectrum is the large difference in linewidth for the *°H
resonances. The linewidth for the D, deuteron is significantly
larger than that observed for the Dg deuteron. ?H inversion-
recovery curves for these resonances are shown in Fig. 3B.
The 2H longitudinal relaxation times are also different and
are found to have values closely similar to the ?H T, values
derived from curve fitting Lorentzian lines to the spectrum
in Fig. 3A.

Pz
Hz

1.0 B 5 —3

0.0 1

-1.0 - - " r

0.00 0.10 0.20 0.30 0.40
Time [ Secs
FIG. 3. (A) One-dimensional ?H spectrum recorded at 115.1 MHz,

with broadband WALTZ-16 **N decoupling, from a sample of aspara-
gine dissolved in D,O. The solid line represents the sum of two simu-
lated Lorentzian lineshapes, with a T, of 44.9 msfor D, and 75 ms for
De. The broad peak to high frequency of the ?H De resonance is as-
signed to the **ND; group. The major and minor tick marks are at 50
and 25 Hz, respectively. (B) 2H longitudinal inversion-recovery data
for the deuterons D, (filled circles) and Dg (open circles) recorded at
115.1 MHz. The ?H T, values were found to be 44.9 and 75.3 ms for
the D, and Dg resonances, respectively. The three-parameter curve
fitting used a function of the form A{1 — (W + 1)e "™} to estimate
the 2H T, values.

In the extreme-narrowing regime, assuming the only sig-
nificant mechanism contributing to 2H relaxation is that aris-
ing from fluctuations of the nuclear quadrupole moment, R,
=R, =20Q3 (1 + n?/3)J(0) = 3r/2(e*Qq/%)?(1 + n?/
3)J(0) (24) where 7, the asymmetry parameter, is defined
as a positive quantity with a value between 0 and 1. The
asymmetry parameter for ?H is usualy small (52) and the
principal component of the electric-field-gradient tensor for
a ND group has been shown to lie along or very close to
the bond (52). In the discussion which follows, we assume
that n is sufficiently small that it can be neglected in the
determination of values for €Qqg/%. The sign of e’Qq/#
cannot be determined from these data but could be important
in the dipolar-quadrupolar cross-correlation process to be
considered later. With these assumptions, the probable basis
for the ?H relaxation behavior is a different magnitude of
e?’Qq/# for the D and D, deuterons.

To act as a restraint on the motional parameters chosen
to model the ?H relaxation data, *®N T, and *N-H NOE
time-development data were recorded from a sample of as-
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paraginein H,O, Fig. 4. The major contribution to *°N longi-
tudinal relaxation is the **N—'H dipole—dipole mechanism
for each proton with asmall contribution from >N chemical-
shift anisotropy. Anticipating a model of isotropic motion,
which is justified later, in the extreme-narrowing regime, R,
= pn = (10/3D%, + C3)J(0) + p*, where p* is used to
indicate small contributions to **N relaxation from other
mechanisms such as trace paramagnetic impurities. Contri-
butions to relaxation from the **N—'H, **N dipolar—csa
cross-correlation process were experimentally removed
(53), and the **N—"H dipole—dipole cross-correlation term
is small and can be neglected.

5N deuterium-coupled spectra from the Z-1-d and E-1-d
isotopomers of the sample of asparagine in a H,O/D,0 sol-
vent mixture are shown in Fig. 5B. These data were recorded
using the pulse sequence shown in Fig. 5A and clearly show
that the *°N lineshape for each isotopomer is different, re-
flecting the distinctive contributions to **N transverse relax-
ation from the scalar coupling to the ?H nuclei. These spectra
also show that the *A*N(D) isotope shift for each isoto-
pomer is different and is measured, relative to the *NH,
group, to be 35.7 Hz (0.47 ppm) and 39.9 Hz (0.525 ppm)

A
1.0 1%
*
0.0 . .
0.0 4.0 8.0
Time | Secs
B
1.0
-1.0 A
-3.0 — =
0.0 20.0 40.0
Time | Secs
FIG.4. (A) ™N longitudinal-relaxation data recorded at 76 MHz, using

a pulse sequence previously described (54), for a sample of asparagine,
5N-labeled in the side-chain amide, dissolved in H,O. The data are plotted
asintensity versusthe relaxation delay. The solid curveis a single-exponen-
tial fit to the data with a rate constant, py = 0.255 s™*. (B) **N—"H NOE
time-development curve. The data are plotted as intensity versus the *H RF
saturation period. A recycle delay of 40 swas used. The solid curve follows
an equation of the form {[(1 — X)e "] + X}, where X = {1 + 4/
yn(2onil o)}, oy = 0.255 s71 and oy = 0.048 571

a y x ¥ y x
H ITIT|T1 |T1 l——‘—l”ﬁl'h I’Czl’tz I"C I’C IAIA”M
. .y
|

Decouple

Ml e b

2H

Decouple

Decouple

xy,2 /\

Hz

FIG. 5. (A) The RF pulse sequence used to record the **N- *H-corre-
lated data. This pulse sequence follows closely those described in Refs.
(57, 58). 2H decoupling is applied during all preparation periods when *N
coherence is evolving to reduce differential relaxation of the individual >N
multiplets. Signals from the **NH, groups were suppressed by choosing 7,
= 1/4Juy. *H decoupling is used only during the intervals shown but the
lock receiver, which is blanked during periods of decoupling, was not
reopened until after acquisition was complete. Under the influence of the
2H scalar coupling, and in the presence of *H decoupling, the evolution of
the **N in-phase coherence (1 *) during the t; evolution period is described
by

I = 1% cos(wyty){1 + SZ[cos(2m Jyoty) — 1]}

+ 1" S,cos(wyty) sin(2m Iypty) -

(B) Experimental cross sections recorded at 76 MHz, from a sample of
asparagine dissolved in an equimolar mixture of H,O/D,0, parallel to
F, at the **N frequency corresponding to the *H resonances from the
isotopomers Z-1-d (upper trace) and E-1-d (lower trace). The data were
obtained using the pulse sequence in (A), which used *H broadband
Dipsi_3 decoupling during the **N evolution period. The solid lines are
simulations of the experimental data which used the following parame-
ters: ryp = 0.102 nm, ryp = 0.1015nm, B, = 17.6 T, Aoy = —165 ppm
and fqp = Opc = 0, J®ND; —13.7 Hz, and J**NDg —14 Hz. The time-
domain data comprised 512 complex points, dwell time 1250 ps, which
were zero filled twice without any apodization prior to Fourier transfor-
mation. The major and minor tick marks are at 20 and 10 Hz respectively.

for the Z-1-d and E-1-d isotopomers, respectively. The iso-
tope shift of the broad **N resonance from the *>ND, deute-
rium-coupled isotopologue, observed by *°N direct detection
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TABLE 1
Rotational Correlation Time, 7,, and Quadrupole Coupling
Constants, e°Qq/#, for the Z-1-d and E-1-d Isotopomers of the
Free Amino Acids Asparagine and Glutamine, **N-Enriched in
the Side Chain, from Samples Dissolved in an Equimolar Mixture
of H,O/D,0, pH 3 and 10°C

€Qult (kH2)

Tr

(ps) Z-1-d E-1-d
Asparagine 18 290 225
Glutamine 21 290 225
Formamide 51 2802 230%

Note. The data for formamide are taken from (22) and were obtained at
a temperature of 25°C.

2 The assignment for the H, and Hg resonances was not given in Ref.
(22), and the allocation to a particular column is arbitrary.

without ?H decoupling (data not shown), isthe additive sum
of the shifts for the E-1-d and Z-1-d isotopomers to within
the digital resolution of the spectrum.

The dipolar interaction vector for **N longitudinal and
transverse relaxation is the *®N—H bond. The principal axis
of the assumed axially symmetric ?H electric-field-gradient
tensor is assumed to be collinear with this *N-D in-
ternuclear vector (52). Chemical-shift anisotropy for ?H was
not considered, because the reported values (37) are too
small to affect the spectrareported here. The axially symmet-
ric ®N csa tensor was assumed to be collinear with either
*N—-D bond, although it may make an angle of 30° or 150°
(38). Neglect of thisanglewill overestimate the contribution
of the (*N—2H, ®N) dipolar-csa cross-correl ation relaxation
mechanism in those cases where it contributes significantly.
For the free amino acids, this relaxation mechanism is quan-
titatively negligible in comparison to the H-quadrupole-in-
duced relaxation. For the protein data, it will cause an over-
estimation of only about 5% to the total dynamic frequency
shift, 6, or <3% to the total relaxation matrix I'. Further-
more, the functions P, (cos 64,) which appear in the spectral
density when cross correlations are present (54) will reduce,
when using the above simplifications, in the limit that 64
= fpc = 0, to the Lipari—Szabo notation where the order
parameter S? reflects details of the dynamics from processes
involving auto and cross correlations.

A possible explanation for the observed relaxation differ-
ences (®H and ®N) caused by a deuteron in the D, or D¢
position could be based on anisotropic rotational diffusion.
The degree of anisotropy of the rotational diffusion tensor
for arigid model of asparagine was calculated (55) by ap-
proximating the structure as a set of nine identical spherical
beads, positioned at the coordinates of the heavy atoms of
the X-ray structure (56). These hydrodynamic calculations

of the rotational diffusion tensor show that asparagine may
be considered to be axially symmetric and that it is only
mildly anisotropic with D;/Dy < 1.5. However, the free
amino acid has significant internal motions associated with
the side chain due to changes of the various torsion angles
caused by jumps between the potential energy wells. These
transitions between potential energy wells, which give rise
to averaged °J, coupling constants, probably occur on a
time scale that approaches the time for rotational diffusion
and may contribute to relaxation. In view of these uncertain-
ties, a spherical hydrodynamic model for asparagine was
assumed.

The solid line through the data points in Fig. 5B is a
simulated spectrum using a rotational correlation time, 7,
and quadrupole coupling constants shown in Table 1. The
parameters also simulate satisfactorily the experimental 2H
(T, and T,) and N (T, and NOE, with p* = 0.045 s™)
relaxation data. Using these parameters, the N linewidth is
>98% dominated by the ?H quadrupolar-induced relaxation
process. The dynamic frequency shift caused by the dipolar-
guadrupolar cross-correlation process (<0.1 Hz) istoo small
to be identifiable in these spectra.

The different values found for the quadrupole coupling
constants of the D, and D¢ deuterons in asparagine are simi-
lar in magnitude to those recently reported from liquid for-
mamide (22) as seen from Table 1. Within the framework
of the relationship between e’Qg/% and hydrogen-bond
strength, these data for the free amino acid would imply

770.0

T
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774.0
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FIG. 6. Part of a two-dimensional *®*N—'H correlated data set re-
corded at 750 MHz from a sample of the protein F1-G at pH 3.0 and
10°C. The assignments for all of the side-chain *H and **N resonances
of the asparagine and glutamine residues in this protein are indicated.
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N37

FIG. 7. Experimental cross sections parallel to F, at the **N frequency,
corresponding to the *H resonances from the unassigned isotopomers Z-1-
d and E-1-d, scalar coupled to 2H, recorded from the protein F1-G. The
experimental data were obtained using the pulse sequence in Fig. 5A and
comprised 128 complex points, dwell time 860 us, which were apodized
with aline broadening of —4 Hz and zero filled three times prior to Fourier
transformation. The >N spectra are from residues (A) N37, (B) Q63, (C)
Q17, (D) Q74, and (E) Q3. Each diagram contains the experimental **N—
2H coupled data (filled circles) and a simulation (solid line). The dashed
line is the experimental data resulting from applying H and *H decoupling
during the t; evolution period (these data are displayed with an arbitrary
vertical scale). The vertical solid line is the first moment of the simulated
lineshape. The first moment was defined as ZiA /XA, where A is the
amplitude of point i. The major and minor tick marks are at 50 and 25 Hz
respectively. For the simulated lineshapes, the fixed parameters were as

that the De deuteron may be involved in a slightly stronger
hydrogen bond than the D, deuteron. Very similar ?H and
5N spectral characteristics are observed if the amino acid is
changed to glutamine. Using a similar approach for the anal-
ysis of **N lineshape data, assuming isotropic motion, the
values found for the quadrupole coupling constants of the
D, and D¢ deuterons are shown in Table 1.

In aniline derivatives, the magnitude of the 2A*C(D)
isotope shifts have been correlated to hydrogen-bond
strength (59). Both the *A**N (D) and the 2AH (D) isotope
shifts are observed to be largest (although in opposite direc-
tions) for the E-1-d isotopomer. Whether these particular
isotope shifts correlate with H-bond energy in this type of
primary amide is not established.

The N and *H spectral regions corresponding to al the
resonances from the asparagine and glutamine side chains
of the protein F1-G are shown in Fig. 6. A stereospecific
assignment for the Hg and H; *H resonances was not at-
tempted because of the uncertainty in the contributions to
the observed chemical shifts of these resonances from nearby
aromatic, carbonyl, or charged groups. **N lineshapes from
residues N37, Q63, Q17, Q74, and Q3 recorded from a sam-
ple of the protein F1-G in an equimolar mixture of H,O/
D,0 are shown in Fig. 7, and quite asymmetric lineshapes
can be observed for some of these resonances. In each dia
gram, the N resonance correlated to the *H resonance at
high frequency is the lower trace.

As a restraint on the motional parameters necessary to fit
these data, an experimental measurement of the *N—*H
NOE was made for the asparagine and glutamine side chains
from a sample of F1-G in a solvent ratio H,O/D,O of 95%/
5%, at **N frequencies of 76 and 50 MHz. The experimental
NOE values for the side-chain **N resonances of residues
N37, Q63, Q17, Q74, and Q3 are shown in Table 2. For al
of the asparagine and glutamine residues in F1-G, the side-
chain ®N-'H NOE values were found to either have the
same value, within an experimental error of =0.05, or in-
crease asthe **N frequency increased. For the simple Lipari—
Szabo model, using an isotropic rotational correlation time,
7., Of 7.2 ns, these observations are only consistent if 10 ps
> 7 > 300 ps independent of values for S%. If 7 lies within
the range 10 to 300 ps, the NOE is predicted to significantly
decrease with increasing N frequency. Three of the five
residues chosen as examples (N37, Q63, and Q17) probably
have similar motional characteristics as judged by the com-
parable ®"N—'H NOE data, whereas the two remaining resi-
dues were found to have smaller NOE values, presumably
reflecting increasing mobility.

defined in the legend to Fig. 5. The variables which are necessary and
specific for each residue are shown in Table 2. In al cases, the resonance
offset used for the simulations was obtained from the fully (*H and 2H)
decoupled data set.
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TABLE 2
Experimental **N-'H Nuclear Overhauser Enhancements, n, for Some of the Asparagine and Glutamine Side Chains from the
Protein F1-G Measured at Field Strengths of 11.7 and 17.6 T, Quadrupole Coupling constants, e?Qq/%, Derived from Simulations to
the ®N Lineshapes Shown in Fig. 7, the Order Parameter S% and 7 Used in the Simulations

EQu/h (kH2)

n (117 T) n (176 T) a b S? T (pS)
N37 0.30 0.45 175 155 0.85 350
Q17 0.35 0.45 215 195 0.83 350
Q63 0.25 0.36 220 210 0.78 500
Q74 -0.02 0.04 190 150 0.70 350
Q3 -1.39 -1.03 290 225 0.122 360°

Note. The lower trace in each diagram (A—E) of Figure 7 is associated with the quadrupole coupling constant in column a
2 For residue Q3, the extension to the Lipari—Szabo model of Clore et al. (60) was used where €, §, and 7 were 0.3, 0.4, and 360 ps, respectively,

andS =S xS

The values of €?Qq/#% estimated from the simulations are
shown in Table 2. For al the simulations, the asymmetry
parameter of the electric-field-gradient tensor was assumed
to be small enough that it could be neglected. These values
for the quadrupol e coupling constants have fairly large errors
because of the relatively large number of input parameters
and assumptions necessary for the simulations. The quadru-
pole coupling constants combined with the motional parame-
ters S% and 7 predict 2H T, and T, values (B, = 17.6 T) in
the range of 9.3 to 21.6 ms and 0.7 to 3.2 ms respectively.
The composite parameter [107T,(?H)Jwp]? is predicted,
from the smulations, to vary from about 16 to 90. It has
been suggested (31) that whenever this parameter has a
magnitude greater than about 50, a lineshape with fine struc-
ture which may also be asymmetric will be observed; this
isin agreement with the experimental and simulated spectra
shown in Fig. 7. The T, of a?H nucleus in a medium-sized
protein will be expected to increase as the magnetic field
strength increases so that these *N asymmetric lineshapes
will only be observed at the highest currently available field
strengths when . is around 7 ns.

From the five simulated data sets, the dipolar—quadru-
polar cross-correlationtermis, in all cases, positive, which
implies that the quadrupole coupling constants are also
positive (with the assumption that 65 = 0). The effect
of ?H decoupling is to remove the contributions to *N
relaxation from the ?H quadrupole and the (**N—2H, **N)
csa—dipolar mechanisms (31). A comparison of the ?H-
decoupled spectra with the 2H-coupled spectra, Fig. 7,
indicates that the chemical shift of the **N resonancein the
presence of “H decoupling occurs at the mean frequency of
the >N —2H scalar-coupled multiplet. The mean frequency
of the ?H-coupled spectra can be calculated, if the S/N
ratio is high enough, via the first moment (61) of the
experimental spectrum or by using the simulated data to

estimate the experimental first moment. The first moment
of the simulated data coincides in all cases with the peak
maximum of the fully (*H and ?H) decoupled spectra, to
within the spectral digital resolution (1.2 Hz/point).

The magnitudes of e?Qq/# estimated for each deuteron
site from the spectra of residues N37 and Q74 are quite
different from the sample of the free amino acids (see
Tables 1 and 2), whereas, those from Q63, Q17, and espe-
cialy Q3 are closer to the values found from a sample of
the free amino acid glutamine. The motional parameters
chosen for the simulated data adequately predict the ex-
perimental *N—'H NOE measurements at both frequen-
cies.

The differences observed for the values of e?Qq/# and
the lack of a direct correlation to the **N—'H NOE data
(N37, Q63, and Q17 have similar NOE values, but differ-
ent quadrupole coupling constants were estimated for
N37) could perhaps arise for several reasons. The varia-
tion in the quadrupole coupling constants of these three
residues may indeed reflect aspects of hydrogen bonding.
For instance, it has been noted previously that a departure
from linearity in the hydrogen bond can produce a signifi-
cant change in the *°H quadrupole coupling constant (62).
Furthermore, the magnitude of the ?H electric-field gradi-
ent is determined largely by the charge distribution on the
neighboring atoms (63). The simulations have indicated
that the quadrupole coupling constant of the deuteron is
positive. Consequently, a negative charge in some region
along the ND axis, at the hydrogen-bond acceptor, should
lead to a significant decrease in the electric-field gradient
and to the observed quadrupole coupling constant. It is
perhaps also possible that even if the CO of the amide
group participates as the acceptor in a hydrogen bond the
H nucleus, because of the resonance hybrid nature of the
OCN group, may be sensitive to the charge density on the
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carbonyl oxygen. In addition, if the side chain is exchang-
ing rapidly between several different sites and if each site
givesrise to a different value for the quadrupole coupling
constant, the observed value would reflect this exchange
process. At thistime, the definition of these side chainsin
the NMR structures of F1-G is not sufficient to distinguish
these possibilities.

In this paper, we have demonstrated that it is possible
to probe indirectly the environment of a ?’H nucleus in a
protein, in a specific case, through the influence it has
upon the transverse relaxation of a *®N nucleus to which
itisscalar coupled. Large differences have been observed
for e?Qq/# of the deuteron in the side chains of asparagine
and glutamine residues of the protein F1-G, derived from
simulations of experimental *>*N—2H scalar-coupled line-
shapes.
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