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SUMMARY

A model is proposed to evaluate the rate of exchange between the amide protons of proteins and the
solvent water molecules. Using this model we determined the extent of the error for the chemical exchange
rate constant when cross relaxation was neglected: both selective inversion and saturation-transfer tech-
niques were evaluated. Furthermore, the fluctuations in the NOE intensitics were determined when the
exchange rate was varied.

INTRODUCTION

The amide protons of proteins and glycoproteins undergo exchange reactions with solvent
protons such as water. Although the precise nature of the structural fluctuations which give rise
to exchange are in dispute (Woodward et al., 1982), dynamical studies of amide proton exchange
are an essential element for elucidation of the structures of biomolecules (Linderstorm-Lang and
Schellman, 1959; Henry and Sykes, 1990). The exchange rates of the amide protons which are
hydrogen-bonded or in a fully folded protein are thought to be considerably slower than those
which are not hydrogen-bonded or those found in unfolded proteins (Henry and Sykes, 1990;
Udgaonkar and Baldwin, 1988). Amide proton exchange rates in fully folded proteins are reduced
by factors of as much as 10°, because these protons either participate in hydrogen-bonded second-
ary structure (Englander and Kallenbach. 1984) or are inaccessible to solvent or both. Hydrogen-
bonded structure directly inhibits exchange because hydrogen bonds must be broken for exchange
to occur (Englander et al., 1972). Thus, amide proton exchange dynamical studies provide a tool
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for probing hydrogen bonds and obtaining the detailed structural information about early events
that occur during the folding of proteins (Udgaonkar and Baldwin, 1988).

FT-NMR spectroscopy is a time-domain method especially suited to study the dynamics of the
hydrogen exchange processes. For exchange processes, the rate constants in the range of 107" to
1025~ are generally well suited for studies using the magnetization-transfer NMR method (Led
et al., 1989). The exchange reaction of amide protons is relatively complex. In order to obtain
simple analytical solutions, one usually makes some simplifications. For example, one often
neglects the cross-relaxation term. Sometimes, this simplification is acceptable and other times it
may cause large errors depending on the relative amplitudes of exchange rate constants and re-
laxation rates.

In NMR studies of proteins, the NOE intensities of amide protons are very important for ob-
taining the structures of proteins (Kaptein et al., 1988; Wright, 1989). Since amide proton ex-
change affects the amplitude of the NOE, it is necessary to study the effect of neglecting chemical
exchange in order to obtain the correct structure of the protein.

In this report, we shall demonstrate that neglect of the cross-relaxation term will cause signifi-
cant errors when using magnetization-transfer NMR techniques in measuring the rate constants
for the exchange of amide protons of proteins. Furthermore, we compare the extent of the error
in the chemical exchange rate constant using selective inversion and saturation-transfer tech-
niques. Lastly, we determine the effects of the exchange of the amide proton on the NOE intensi-
ties of neighboring nonlabile protons.

EXPERIMENTAL

For the general exchange reactions of amide protons of proteins and glycoproteins in water, the
magnetization relaxation and proton exchange may be described as shown in Scheme 1. An article
related to this work was published earlier (Landy and Rao. 1989).

In order to get an explicit solution, it was necessary to simplify the scheme to a three-spin
system, i.¢. let Z#jGCi,cj:Ei#jocj‘q:O and o, =20,,=0, and cross relaxation between water

Scheme 1

\a kg
a/)_\b Pb
-

4 represents the amide proton, b the water proton, and ¢, and ¢, are any nonlabile protons (¢.g. u-proton)
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protons and nonlabile protein protons was neglected. The modified Bloch equations for longitudi-
nal magnetization values of the components in Scheme I are given by

daz/dt= _pa(az_azx)_c(cz_sz)‘-klaz"'klbz (1)
dbz/dt= _pb(bz_bzx‘)'f'klaz_klbz (2)
dcz/dl= _pc(cz_czl)—o(az_azx) (3)

where a,. b,, and ¢, are the instantaneous values of the z-magnetization for spins a, b, and c, and
a,”,b,”.and ¢, are the equilibrium values for spins a, band c.

When b > a in the above system (very dilute sample conditions), Eq. (1) can be further simpli-
fied to

da,/dt= —(p,+k)a,—o(c,—c, )+ p,a,* +C 4)

where C is a constant. It follows then that the general solutions for Egs. (3) and (4) are given by

a,=AeM + Al +a,” (5)
c,=Be*M'+Be* 4, (6)

where
A= —1/2{(pa+pc+ ki) —[(pa+pc+ ki) —4pc(pa+ ki) + 407" 2} (7
A= —1/2{(ps+pc+ ki) +[(pa+ pc+ki)* —dpp,+ ki) + 407" 2} (8)
Ar={(a—a, ") A+ pa+k)+(c.0—¢,")o} /(A — 1) 9
Ar=1{—(a—a,* ) +pa+k)—(c,—c,)o}/(Aa—Ly) (10)
Bi={(c.—a,*)A2+ pe) — (8. —2,% )} (A2 — M) (an
By={(c,'— ¢, )M + po) — (2 —a,*)o} /(A — ) (12)

and a,® and ¢," are initial z-magnetization values for spinsa andcatt = 0.
If we neglect the cross-relaxation term in Eq. (4), the solution for the equation can be given as

al'=(‘dzo—‘dzx)C_(p“+kl)l+azl (13)

Hence, the equation for the errors in the values of the z-magnetization caused by neglecting cross
relaxation is

(A|e"“+A3e)‘3‘— (al()_alx )e—(p;|+k|)l) (]4)
and the percent error in the value of the z-magnetization is given by

[A M+ Aser — (a0 —a, " )e ~Patkiya =1 % 100 (15)
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For the selective-inversion recovery experiment, ¢,’=c,” and a," =a,*cos(8). where 0 is the flip
angle. Therefore, Aj={a,*(cos(8)— INAr+p,+Kk)}/(ha—A)) and Ay = |—a,*(cos(B)—1)
(M +pa+ k) (ha—Ay). According to Eq. (15). there is an absolute maximum value for the
percent error in the value of the z-magnetization for a set of A}, Aa, By, Ba. &y, and A, values.

A more useful term may be to determine the error in the exchange rate constants derived from
the calculations: Eq. (13) was used for these calculations. We can estimate the errors of exchange
rates caused by neglecting the cross-relaxation term based on the errors in the values of the z-mag-
netization. The procedure is as follows. According to Eq. (13), we have

tk; = —In{(a,—a,” )a,"—a,” )} — pyt (16)
and
tdk, = —da,/(a,—a,”) (17

In this equation, da, is defined as the error in the value of the z-magnetization for a, and this is
equivalent to

A;C;\!{-FA:;&)‘B[ _.(a[{}_ a,” e —tpat R

Thus. the error for exchange rate constant (dk,) depends on the relaxation time t for particular re-
laxation rates and rate constants.
Since (Ak;/Aa,) = (dk,/da,). the consolidation of Egs. (17) and (5) yields Eq. (18)

Ak =11 —(a,"—a," )e~(p3+ k“‘;’(A,e;‘“«]» Age}f‘)};’t (18)

where A, Aa, &y, and k. have the same simpie forms for the selective-inversion recovery experi-
ment. The error in the exchange rate constant has a maximum value for some value of t. But since
we use many data points for the nonlinear least-square analysis and these data were taken at dif-
ferent relaxation times (t), it is more useful to determine the average of the error.

If the rate constants are obtained by combining saturation transfer (using steady-state values)
and inversion-recovery experiments, the error for the rate constant is described by Eq. (19} (Dill
etal., 1991}

Ak =Kk 0%/(0% = pupo) (19)

If spin c is selectively inverted, the NOE for spin a is given by

NOE =(A/e" '+ Ave*) x 100 (20)
where A= — A+ = ~20¢,%fa,” fora,’=a,” and ¢,/ = —¢,”.
The pairwise dipole-dipole interaction which occurs among [ = 1/2 nuclei may dominate

nuclear relaxation, provided that suitable short internuclear distances between the magnetic
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moments in the molecular framework and the motion of the internuclear vectors are typical of
biomolecules in solution (Bloch, 1957: Niccolai and Rossi, 1989). If we apply the mechanism to
our spin system, the following equations (Heatley, 1986) can be obtained.

pa= DJ(0,; — o)+ 3}(w,) + 6J(0, + ©,)] (20
pe = DI — ,) + 3} (®) + 6J(0, + )] (22)
Oyc = D[6J((Ou+0)c)-—J((Da—(Dc)] (23)

D = 1/4(o/4m) v,y (h/2m)*r =

where pg is the permeability of vacuum (4n x 10~ 7). h is Planck’s constant, vy, and y, are the gyro-
magnetic ratios of spin a and c, r is the internuclear distance between spin a and ¢, and J{w) 1s a
spectral density function, which is described by

Jw)=2/5t/(1 + 0’tl) (24)

RESULTS AND DISCUSSION

Figure I shows the 3D plot of the percentage error for the values of the z-magnetization versus
the correlation time (1) and exchange rate constant (k,), using an internuclear distance of 2.5 A
(selective inversion). The results show that the errors increase with an increase in the absolute value
of the cross-relaxation rate o. and the sign of o does not affect the sign of the error. This result was
obtained from the use of Eqgs. (7) and (8). For different internuclear distances. the shapes of 3D

€ ()

Fig. 1. Three-dimensional plot of the percentage error for Aa, vs. correlation time () and the exchange rate constant (k)
using a distance of 2.5 A to the nearest nonlabile proton (selective-inversion experiment). For each 7. and k, pair. the %
error in Aa, was calculated.
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Fig. 2. Plots of the relaxation rates (p and o) und pro vs. correlation time. The plots are bused on Egs. (21) (23)in the text
with{a)r=25Aand (b)r=30A.

plots are the same except for the magnitude of the error changes. This is because the distance only
affects the magnitude of p and o, but not the ratic of 6/p. When k, 0 and the correlation time
is in the range of 107'°t0 3.7x 10~ s, the percent error for the z-magnetization has a maxi-
mum value with 1.2 1.2x 107% s~'. Although the maximum value of the error depends on the
value of k. it always occurs at the same value of 1. The reason is that o, which is independent of
the internuclear distance (Fig. 2), has a maximum value at that value of 1.. The absolute magnitude
of the error decreases quickly as the value of k| increases. especially when 7. is short.

The 3D plot of the average errors for the exchange rates vs. t. and k, has the same shape as de-
picted in Fig. I, but the plot of the maximum error for k, is different (compare Figs. 3 and 4).
Although for a given correlation time the average error for k; will decrease with increasing
exchange rate constant, the maximum error for k; will increase. At first glance this would appear
to be an odd phenomenon but it can be explained. With increasing k. the rate of recovery from
the nonequilibrium magnetization to the thermal equilibrium value increases and the time re-
quired to reach the maximum error for k, decreases. This can be seen in Eq. (18). Figures 3 and
4 also show that although the maximum error for k; varies greatly over the range of the exchange
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Fig. 3. Three-dimensional plot of the average error in the exchange rate constant vs. 1, and k, using a distance of 3.0 A to
the nearest nonlabile proton (sclective-inversion experiment).

rate constants studied, the average value of the error is small, even for relatively large negative
values of o (longer correlation times).

The 3D plot of Ak, vs. 1. and k, for the saturation-transfer experiment is shown in Fig. 5. The
results are noticeably different from those obtained for the selective-inversion transfer experi-

€ (g

Fig. 4. Three-dimensional plot of the maximum error in the exchange rate constant vs. T, and k, using a distance of 3.0 A
to the nearest nonlabile proton (selective-inversion experiment).
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Fig. 5. Three-dimensional plot of the error in the exchange rate constant (r=3.0 A to the nearest nonlabile proton) vs. 1,

and k, for the saturation-transfer experiment (irradiation of water resonance).

ment. In the saturation-transfer experiment (for t.=10"'"and 10 ¥ s~ !), the absolute values of
Ak, increase with increasing values for k; and are equal to zero when k; =0. However, there is a
point (1, x3.5x 107% s~ !) where Ak, appears to be invariant with a change in k, (because ¢ =0).
Another observation is that Ak, only depends on the values of k; and .. and not on the inter-
nuclear distance. These results were obtained using Eq. (19).

r" (£7]

Fig. 6. Three-dimensional plot of the maximum NOE (between amide proton and nonlabile proton) vs. 1. and k, (r=3.0
A) by selectively inverting spin ¢. Calculation was done using wy = 300 MHz.
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Comparison of the results from Figs. 3 and 5 clearly shows that the results from the selective-
inversion magnetization transfer experiment will have smaller errors in the values of k than the sa-
turation-transfer experiment, if we neglect cross-relaxation rates. However, when the values of k;
are very small, the saturation-transfer method is more suitable for obtaining accurate values of k.

Figure 6 shows the effect of the exchange rate constant and correlation time on the magnitude
of the NOE of a neighboring nonlabile proton at 300 MHz. Between the limits of k; investigated
(0-5s~") the NOE:s increase as the ratio of o/p (decreasing t.) increases. The NOEs reach a peak
value and then decrease. This is because as the correlation time decreases (p decreases), k; makes
the NOE more positive. For proteins with a correlation time of 1 x 10~ the results are the most
dramatic; when k; =0, the intensities of NOEs are negative (~ —45%) but they approach 0 when
k; reaches 5 s~'. These results have a direct bearing on the use of amide protons to obtain inter-
nuclear distances within proteins using 1D and 2D NOE NMR experiments. Under certain condi-
tions (correlation times and exchange rates), the NOE intensities could be off by as much as
~ 30% and this would cause a significant error in the internuclear distance calculations.
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