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The effects of dissolved molecular oxygen upon amide proton
('H") longitudinal and transverse relaxation rates and chemical
shifts were studied for a small protein domain, the second type 2
module of fibronectin (*F2)—isotopically enriched to 99% *H, 98%
SN. Longitudinal relaxation rate enhancements, Ro,(*H"), of indi-
vidual backbone 'HY nuclei varied up to 14 fold between a degassed
and oxygenated (1 bar) solution, indicating that the oxygen distri-
bution within the protein is inhomogeneous. On average, smaller
relaxation rate enhancements were observed for 'H" nuclei asso-
ciated with the core of the protein compared to "HY nuclei closer
to the surface, suggesting restricted oxygen accessibility to some re-
gions. In agreement with an O,—'H" hyperfine interaction in the ex-
treme narrowing limit, the 'H" transverse relaxation rates showed
no significant change, up to an oxygen pressure of 9.5 bar (the max-
imum pressure used in this study). For most 'H" resonances, small
Abo,("HN) hyperfine chemical shifts could be detected between
oxygen pressures of 1 bar and 9.5 bar.  © 2002 Elsevier Science (USA)

Key Words: fibronectin; hyperfine chemical shift; oxygen; para-
magnetic relaxation enhancement; protein accessibility.

INTRODUCTION

Molecular oxygen, O», is used as an oxidizing agent by most
living organisms. Its low solubility in water explains the elabo-
rate oxygen transport systems of complex, multicellular organ-
isms. At25°C and 1.013 bar (1 atm) molecular oxygen is soluble
to concentrations of about 1.3 mM in water, 11.8 mM in benzene
and 45.4 mM in pentane (/). These different solubilities reflect
the apolar nature of oxygen and classify it as hydrophobic. At the
cellular level, hydrophobic sites can be found within the lipid
bilayer and in the core regions of globular proteins. Provided
oxygen can gain access to these sites, a relatively high oxygen
concentration might be anticipated there, compared to the sur-
rounding aqueous environment. This expectation has long been
verified for the lipid bilayer (2); further confirmation was re-
cently provided by an NMR study which correlated the longitu-
dinal relaxation rate enhancement, due to the dissolved oxygen,
of 'F nuclei with the insertion depth of the '°F label (3). For
proteins in aqueous solution, oxygen accessibility into the inte-
rior of a protein has been studied using fluorescence quenching.
The fluorescence of tryptophan residues in proteins is quenched

with arate constant that is around 2-5 times slower when the side
chain is in a protein compared to when it is in aqueous solution
(4). Similarly, the rate of tyrosine quenching is slowed by about
afactor of 2 between unfolded and folded protein conformations
(5). Based on fluorescence quenching at different oxygen con-
centrations it was concluded that quenching is a purely dynamic,
collisional process without any static, bound component (4, 6)
and, therefore, representative of the diffusional rate of oxygen
through the protein. This appears to be quite different from the
defined, relatively long-lived interactions often found between
water molecules and polar groups of a protein (7).

Solutions containing paramagnetic solutes, such as molecular
oxygen, influence nuclear relaxation and nuclear energy levels
of spin —% nuclei through the strong local magnetic fields pro-
duced by the magnetic moment of their unpaired electron(s)—an
interaction known as hyperfine coupling (8). There are two types
of magnetic interactions between electron and nuclear spins, a
dipole—dipole and scalar contact spin—spin interaction. Due to
the large magnetic moment of the electron (]658| times larger
than that of 'H nuclear spins (9)) the effects of paramagnetic
solutes upon the nuclear spin can often be pronounced. Oxygen-
binding proteins are known to utilize either Fe** or Cu?* ions to
covalently bind O, (/0) and we assume that for proteins without
such cofactors oxygen cannot form a defined long-lived complex
with the protein. In this latter case the protein—oxygen interac-
tions are assumed to exhibit very short random lifetimes, which
may vary for different sites and which are primarily governed
by diffusion processes. For the dipole—dipole hyperfine interac-
tion the nuclear and electron spins are assumed to diffuse inde-
pendently and the time dependence is caused either by random
variations to the interspin vector between the protein nucleus
and an oxygen molecule or, in some cases, by the electron spin
relaxation time (11, 12). If the electron g-tensor of the para-
magnetic oxygen solute exhibits anisotropy a shift mechanism
could also arise from the dipole—dipole interactions, known as
the pseudo-contact shift (8). However, this shift will average to
zero if the O, electron g-tensor does not adopt a preferred orien-
tation with respect to a protein 'HY nucleus. In one model pro-
posed to describe contact hyperfine interactions the molecules
are considered as stuck together for a very short random time, .,
in which case the electron—nuclear interaction is characterized
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by a hyperfine coupling constant which is finite whenever the
oxygen is stuck to the protein and is zero otherwise (/2). The
contact interaction can lead to enhanced nuclear relaxation as
well as possibly changing the nuclear energy levels (/1) and
thus shifting the nuclear resonance. The contact interaction is a
scalar property and is expected to fall off rapidly with an increas-
ing number of intervening bonds between the site of delocalised
spin density and the observed nucleus (/7).

Relatively little is known about the relative efficiency of these
pathways for protein—oxygen systems. In one careful study of
the influence of dissolved oxygen upon the longitudinal re-
laxation of H,O, it was suggested that the relaxation rate en-
hancement could be accounted for solely by O,—H,O dipole—
dipole interactions without significant contributions from the
contact relaxation pathway (/3). However, hyperfine shifts be-
tween stable free radicals (“spin labels) and the solvent or
cosolute molecules have been attributed mainly to contact inter-
actions (14).

The present study examines the effects of dissolved molecu-
lar oxygen upon amide proton (' HV) longitudinal and transverse
relaxation rates and chemical shifts for the 99% 2H, 98% 'SN-
labelled second type 2 module of fibronectin (*F2) dissolved
in low H,O/D,0 solvent ratios. A recent NMR study of unla-
belled ribonuclease A reported longitudinal 'H relaxation rate
enhancements, due to dissolved oxygen (/5). By working in a
highly deuterated environment very much reduced longitudi-
nal relaxation rates can be expected compared to an unlabelled
protein. This makes the small rate enhancements from the oxy-
gen solute easier to detect and reduces the mutual averaging of
spin magnetisation, through spin diffusion (/6). Longitudinal re-
laxation rate enhancements of individual backbone 'H" nuclei
varied up to 14-fold between a degassed and oxygenated (1 bar)
solution. The 'HY transverse relaxation rates showed no signifi-
cant change, up to an oxygen pressure of 9.5 bar (the maximum
pressure used in this study). For most 'H" resonances, small
O,—'H" hyperfine chemical shifts could be detected between
oxygen pressures of 1 bar and 9.5 bar.

MATERIALS AND METHODS

Protein Production and NMR Sample Preparation

The 59-residue second type 2 module of human fibronectin
(2F2), residues 375 to 433, was produced by recombinant ex-
pression from the methylotrophic yeast P. pastoris as described
(17). Isotopic labelling was achieved by using >99% 2H en-
riched reagents and >98% "N enriched (ND4),SO;,. Two NMR
samples were prepared [1]. Freeze-dried protein was dissolved
in 10%/90% H,0/D,0 to ~2 mM and the pH'! was adjusted
to 4.0. The sample was degassed by three freeze—pump—thaw
cycles in the NMR tube (Wilmad 542-PP-8) with subsequent
flame sealing of the tube. Oxygenation of sample [1] to ~1.0 bar
was achieved after opening the tube by bubbling the degassed
sample for 10 min with oxygen (BOC gases U.K., zero-grade

ULMER, CAMPBELL, AND BOYD

oxygen 100%) at 5°C. The pH of the sample remained constant
to within 40.05 units (the accuracy of the measurement). [2]
Freeze-dried protein was dissolved in 30%/70% H,0/D,0 to
~1.5 mM and the pH was adjusted to 4.0. Oxygenation of this
sample to 5.5 or 9.5 bar in a Wilmad 524-PV-7 NMR tube was
achieved by pressurizing with oxygen after carefully purging
the air from the system and finally sealing the tube using the
supplied Teflon valve. The 'H longitudinal relaxation time of
the bulk solvent was used to monitor the slow dissolution of the
oxygen gas into this protein solution. At 25°C about 4 days and
at 5°C about 6 days, respectively, were required for the 'H T
of the bulk solvent to reach a constant value. The 7 of the bulk
solvent was monitored throughout these experiments and once
the sample had equilibrated no change was observed to the 'H
T, of the solvent during a series of experiments.

Measurement of 'HY Longitudinal Relaxation

Measurements for sample [1] were performed at 5°C and at
a 'H frequency of 750 MHz. 'H longitudinal relaxation was
followed by one-dimensional, nonselective inversion-recovery
experiments as described by Freeman and Hill (/8). In this ap-
proach, the 'H" longitudinal magnetizations H," (t) and H} (c0)
are acquired on alternate scans and subtracted so that the differ-
ence magnetization is collected directly. '"H" and >N assign-
ments were obtained from HSQC spectra (19) and the known 2F2
shifts (17). A very high signal-to-noise 1D 'H spectrum showed
no detectable broad peaks from exchangeable side chain protons
near the backbone "H" resonances (data not shown). Seventeen
relaxation delays ranging from 0.16 s to 20.8 s and a recycle de-
lay of 100 s were used. The solvent magnetization was placed at
+1, at the start of the relaxation delay using a Gaussian shaped
pulse (20) of 2 ms duration. Chemical shift anisotropy (CSA)-
dipolar cross-correlation phenomena was removed by the appli-
cation of 180° '3N pulses every 80 ms (2/). Data were processed
with Felix 2.3 (Biosym Inc., San Diego, CA). Peak intensity
data were fitted with a two-parameter monoexponential model,
I(t) = A *x exp(—Rt), to extract the relaxation rate Ry =1/T.
Uncertainties in peak intensities were determined from duplicate
datasets. Monte Carlo simulations were performed to estimate
errors.

The disadvantage of the Freeman and Hill approach, of having
to wait 5T between scans, is compensated by high accuracy;
however, it renders a two-dimensional version impractical due to
the long "H" Tj relaxation times. A two-dimensional saturation-
recovery HSQC-detected experiment (22), which avoids the 5T
relaxation recovery period, exhibited two to threefold larger
uncertainties and the initial magnetization state of the solvent
proved more difficult to control.

Longitudinal Relaxation Times of the Bulk Solvent

Solvent chemical exchange processes are an important con-
tributor to "HY longitudinal relaxation and, therefore, we report
the observed 'H T} relaxation times at 750 MHz for the bulk
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solvent in each sample. For sample [1] degassed, 5°C and with
radiation damping suppressed (23) 'H T; = 8.9 s. After bubbling
with oxygen for 10 min the 'H 7| was reduced to 1.82 s. For
sample [2] 25°C after equilibration (see above) in the presence
of 9.5, 5.5, and 1 bar of oxygen the 'H T, relaxation times of
the solvent were 0.50 s, 0.93 s, and 3.0 s respectively.

Measurement of 'HY Transverse Relaxation

Measurements using sample [2] were performed at 750 MHz
employing the pulse sequence described by Ishima er al. (24)
with '"HY relaxing as unlike spins during a Carr—Purcell-
Meiboom-Gill (CPMG) echo sequence. Eight relaxation delays
ranging from 6.7 to 134.3 ms were used at 5°C. A recycle delay of
10s,aCPMG delay of 400 s, and a B field strength of 28.1 kHz
were used. Radiation damping of the solvent was suppressed by
the application of weak gradient pulses during the relaxation
period (23). Chemical shift anisotropy (CSA) and dipolar cross-
correlation was removed by application of nitrogen 180° pulses
in the middle of the basic CPMG block (25, 26). Peak intensity
data were fitted with the two-parameter monoexponential model
to extract the transverse relaxation rate R, = 1/ 7. Monte Carlo
simulations were performed to estimate errors.

Measurement of Oxygen-Induced "H" Shifts

The 'HY chemical shifts of sample [2] were measured at 25°C
and 750 MHz using a cycle of oxygen pressures of 1-5.5-9.5—
1 bar (BOC gases U.K., zero-grade oxygen 100%). 'H"V shift
information was obtained either from 2D TROSY-HSQC spec-
tra (27, 28) or from 1D 'H spectra. For each spectrum 8192
complex points (per increment) were recorded with an acquisi-
tion time of 655.4 ms (in the 'H dimension). After a Lorentzian-
to-Gaussian resolution enhancement, the FIDs were zero-filled
to 65,536 points to give a final digital resolution of 0.19 Hz (in the
'H dimension). Peak picking was accomplished with Felix 2.3
(Biosym Inc., San Diego, CA, U.S.A.). The THN shift changes
could be reproduced, upon repetition of the pO, 1-5.5-9.5-1 bar
cycle, to within the digital resolution. The effects of pressure on
the 'HV shifts, within the range of 1 to 9.5 bar, was assessed us-
ing N, (BOC gases U.K., oxygen-free nitrogen) in place of O;.

RESULTS AND DISCUSSION

Effects of Dissolved Oxygen on 'HY
Longitudinal Relaxation

The quadratic dependence of paramagnetic relaxation on the
magnetogyric ratio, y, of the nuclear spin (8) makes the 'H
nucleus particularly sensitive to effects from paramagnetic sub-
stances, such as dissolved oxygen. However, in proteins 'H is
also the most abundant nucleus, which leads to very many 'H-'H
dipolar interactions that reduce the relative contribution of para-
magnetic relaxation to the overall relaxation. Moreover, proton
longitudinal relaxation is often dominated by cross-relaxation
between neighboring 'H spins, which leads to extensive ex-
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change of spin magnetization and to the relay of spin magne-
tization over several spins (spin diffusion) (/6). The resulting
relatively uniform, fast longitudinal relaxation characteristics of
all the protein 'H spins (/6) limit the information content of
individual rate constants. These adverse effects can be greatly
reduced by replacing all nonlabile (carbon-bonded) protons with
deuterons by diluting the labile (nitrogen- and oxygen-bonded)
protons with low H,O/D,O ratios and then studying the resid-
ual backbone amide protons ('HY). Dipolar interactions will
then be restricted to conformation-dependent, interresidue 'HY —
'HV-9 interactions and intraresidue 'HY-!5N interactions and
there will be numerous weak 'HY—>H"-©-C interactions. In this
highly deuterated environment, the small effect of dissolved oxy-
gen on proton relaxation is thus easier to observe and the high
dilution of 'H spins renders the relay of spin magnetization (spin
diffusion) between 'H spins relatively inefficient.

In the absence of efficient spin diffusion, cross-relaxation be-
tween dipolar coupled spins falls off with an » ~° distance depen-
dence (29). Any ensuing exchange of spin magnetization of a
particular "H" nucleus is therefore restricted to neighboring 'H
nuclei within about 5-7 A (30). Upon oxygenation of the sam-
ple solution a paramagnetic contribution, Ro,, is introduced to
the self-relaxation of the spins while the cross-relaxation is left
unchanged. Within these assumptions the longitudinal paramag-
netic relaxation contribution at a particular 'HY site, Ro,('HY),
has been measured as the difference of the 'H"V longitudi-
nal relaxation recoveries in degassed and oxygenated solution.
Figure 1 shows two examples from the small 2F2 protein mod-
ule (17), W40 and T5, having slow and fast '"H" longitudinal
relaxation characteristics. Figure 2a shows all of the measured
Ro,("H") rate enhancements in the presence of ~1.9 mM dis-
solved oxygen, which is the concentration expected at ~1.0 bar
0, and 5°C (/). The relaxation enhancements vary greatly be-
tween different amide proton sites—by up to a factor of ~14 (for
G33 and G42). Figures 2b and 2c¢ shows the measured longitu-
dinal relaxation rate enhancements, Ro,('H"), mapped onto the
average “F2 solution structure.

It is expected that for the diffusion model of dipole—dipole
electron—nuclear interactions the dominant contributions to nu-
clear relaxation come from the translational diffusion correlation
time determined by the relative translational diffusion constants
of the protein and oxygen molecules, the distance of closest
approach, d, of a '"HY nucleus and an oxygen molecule and
the local oxygen concentration surrounding the 'H" nucleus.
The dipolar interaction will also be influenced by the electron
spin longitudinal relaxation time, 7., when this is faster than the
translational diffusion correlation time (8, 14), i.e., if the electron
spin changes its orientation before the protein—oxygen orienta-
tion changes. Nuclear relaxation depends upon the intensity of
the spectral densities at J (wy) and J (wg) and these depend upon
the correlation time for the hyperfine interaction (/4). Dissolved
oxygen is known to have a relatively fast electron spin longitudi-
nal relaxation time, 7., of ~7.5 psin solution (37), and this value
of ~7.5 ps has been measured in several different solvents which
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FIG. 1. 'H" longitudinal relaxation decays of (a) Trp40 and (b) Thr5 in

a degassed and oxygenated solution of 2 mM 99% 2H, 98% '>N-labelled >F2
in 10%/90% H,0O/D,0, pH 4.0 (sample [1]) at 5°C and 750 MHz. The sol-
vent magnetization was set to 4/, prior to the relaxation delay in nonselective
inversion—recovery experiments. In the oxygenated solution an oxygen concen-
tration of ~1.9 mM can be expected (~1.0 bar O, at 5°C (/)). Monoexponential
fits, I(t) = A xexp(—R;1), to the data are shown. The difference between the
apparent relaxation rates, Ry = 1/ T, in the degassed and oxygenated solutions,
Ro2(1HN ), is quoted. For the present system, we note that the longitudinal re-
laxation decays agree well with monoexponential fits.

can be assumed to give some reflection of the different chemi-
cal environments for oxygen found in proteins. The diffusional
correlation time, ty, is estimated at ~330 ps (calculated using
T4 = 2dz/(Dp + Do,) (14) withd =2.72 A and using values for
the self-diffusion coefficients in 10%/90% H,O/D,0O at 5°C
of Dy=5%10"""m?s™! and Do, =40+ 10~"'m? s~ ). The *F2
isotropic rotational correlation time, ., is estimated to be ~7 ns.
Assuming the effective correlation time for the electron—nuclear
dipolar coupling canbe writtenas 1/t =1/T. + 1 /14 + 1/7: (8)
the dominant correlation time is most likely 7j.. Furthermore,
fluorescence quenching has suggested that the diffusion of oxy-
gen within proteins is slower than when free in solution (4, 5)
supporting the hypothesis that the dominant correlation time for
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the dipolar interaction is most likely 7. In the case where no
binding site exists and the O,—'H" dipolar interaction is deter-
mined by motions characterized by T, the dipolar contribution,
R, (0‘21), to the experimental ROZ(IHN ) rate enhancement for a
fully accessible nucleus can be estimated using the equation (/4)

Ri(0%) = (87/45)(110/4m) NAC Y2212 S(S + 1)
x 3T /(14w T) + 7T [ (1+ 02 Ts) } /d°, (1]

where N, is Avogadro’s constant, C is the concentration of
molecular oxygen, and other symbols have their usual mean-
ing (I4). Inserting values for C =1.9 mol m~3, d =2.72 A,
Tie=7.5%10"125, S =1, wy =27 %750 % 10° rad s~', and ne-
glecting a small contribution from the spectral density involving
Tre, Ry (Og) =0.35s~!. The average value for the experimental
rate enhancements, Roz(lHN ), was found to be 0.11 +0.07 s~!
(Fig. 2a). Thus, it seems reasonable to adopt this model for
the dipolar interaction with variations in the rate enhancement,
Ro,("H"), being caused primarily by variations in the local con-
centration of molecular oxygen, C, and the distance of closest
approach, d, and to a lesser extent by variations in the electron
spin correlation time, T}, caused by different environments. In
analogy to the O,—H,0 system (/3), the contact contribution
to the rate enhancements is probably relatively small. Although
in order to quantitatively distinguish the relative contributions
from the dipolar and scalar relaxation processes to the overall
rate enhancements it is first necessary to propose a model for
the scalar interactions (12).

The Ro,('H") rate enhancements appear, on average, lower
for residues associated with the protein interior (Y26, W40, G42,
F53) than for residues close to the surface (N4, G7, G12, G33,
A59) (Fig. 2). Such a trend is in agreement with the results from
a previous NMR study of unlabelled ribonuclease A (15). From
polarity arguments, this is not the expected result, as higher
oxygen concentrations are found in phospholipids and apolar
liquids than in water. A central quantity in theories of hydropho-
bic solubilities is the energy required to open, in the solvent, a
cavity of size sufficient to accommodate the solute (32-34). In
comparison to liquid systems, functional groups within the core
regions of proteins have a defined structural relationship with
each other. The creation of cavities within the protein interior to
accommodate oxygen (i.e., the access of oxygen into the pro-
tein interior) therefore appears to be relatively unfavorable. This
suggests that one factor determining the solubility of oxygen in
a globular protein is determined by space restraints rather than
polarity differences.

Some features in the distribution of Ro,(!H") rates are high-
lighted. Given the large differences in O, solubility between po-
lar and apolar solvents (see Introduction), some 'HV sites may
be able to dissolve more oxygen than the aqueous solvent. 2F2
carries a GInNAc carbohydrate unit N-linked to Asn25 (17), pro-
viding one solvent-exposed 'H" nucleus from each side chain
(Fig. 2b and c) that appears suited to serve as a reference for fully
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FIG.2. (a)Longitudinal relaxation rate enhancements, Ro, (*HV, ~1.9 mM 0,), as a function of residue number. Rate enhancements were obtained for 31 out
of 56 backbone amides using a one-dimensional, nonselective inversion—recovery approach. Two more ROZ(IHN ) rates were obtained. One for the 'HY nucleus
of the side chain of Asn25, which carries a GInNAc carbohydrate unit that possesses the second "H" nucleus (17). These two rate enhancements, which are very
similar, are taken as an estimate for fully solvated 'H" nuclei. (b) ROZ(IHN , ~1.9 mM O,) rates mapped color-coded onto the backbone representation of the
backbone 2F2 average solution structure (/7). For selected residues the N-H atoms are shown colour-coded, too. Residues for which no data could be obtained
are shown in grey. The Asn25 side chain is shown in grey. The GInNAc carbohydrate unit is not shown. The van der Waals contact surface is drawn transparently.

(c) A 90° z-axis rotated view of (b). Figure generated with MOLMOL (42).

solvent exposed 'H sites (Fig. 2a). Four backbone 'H" nuclei
(N4, G12, G33, A59) are found to have even larger ROZ(IHN )
rate enhancements than those from the side chains of Asn25
and GInNAc possibly indicating these sites are in a relatively
accessible hydrophobic environments. Interestingly, all of these
residues are relatively close to the surface (Fig. 2b and c¢). The C-
terminal residue, A59, is also known to exhibit extensive internal
mobility (35).

Extensive mutagenesis studies of the Fe-containing oxygen-
binding site of hemerythrin has suggested that a highly con-
served (hydrophobic) leucine residue near the oxygen-binding
site is important in keeping the solvent away from the bind-
ing site rather than for gating O, into the binding site (36, 37).
Drawing upon these authors’ conclusions it is possible that in-

timate 'HY-H,O contacts explain some of the relatively low
Roz(lHN ) rate enhancements for residues close to the surface.
A more quantitative discussion and description of the polarity
and accessible volume of each amide proton microenvironment
would be desirable. However, such a treatment is beyond the
current study. For example, for all but a few '"H" nuclei of F2
the calculated solvent accessible surface area is zero (38), which
does not correlate with the Ro,('H") rate enhancements.

Effects of Dissolved Oxygen on ! H” Transverse Relaxation

In the limit of a very short electron—nuclear correlation
time (“extreme narrowing limit”), relaxation contributions to
the '"HV transverse relaxation rate, R,('"HV), from 'HY-0,
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dipole—dipole and contact interactions are expected to be essen-
tially the same as for the '"H" longitudinal relaxation rates (9).
R>("H") can, therefore, serve as a measure of the timescale of
the correlation time for the O,—'H" electronic-nuclear coupling
within the protein.

The average 'H" longitudinal relaxation rate enhancement
due to the ~1.9 mM dissolved oxygen at 1 baris 0.11 £0.07 s~}
and compared to typical '"H" transverse relaxation rates found
in proteins this is relatively small. Hence, we have measured the
transverse relaxation at oxygen pressures of ~1 and ~9.5 bar
corresponding to dissolved oxygen concentrations of ~1.9 mM
and ~18.2 mM, respectively, at 5°C (/). Employing identical
assumptions to those used above for the discussion of the longi-
tudinal rate enhancements, the dipolar contribution, R2(O‘21), to
the transverse relaxation rate enhancements, at 9.5 bar, can be
obtained via the relationship

R,(09) =7/6R{"(09)Co5/C1, (2]

where Cy5/C is the ratio of oxygen concentrations at the two
pressures (/4). Hence, at ~9.5 bar the additional dipolar con-
tribution to the transverse relaxation rate enhancement is only
~1 s~!. The average R,('H") relaxation rate at ~1 bar O, and
5°C was found tobe 12.5s~! in 30%,/70% H,0/D,0 (Fig. 3) and
no significant R,('HV) relaxation rate differences were detected
between the samples at 1 and 9.5 bar O, (Fig. 3). These data sup-
port the idea that the O,—'H" electron—nuclear coupling, within
the protein environment, is in the extreme narrowing limit. There
is a further possible relaxation contribution, from the interaction
of the nuclear magnetic moments with the bulk static magnetic
moment, arising from the population difference of the electron
spins (Curie spin relaxation) (8). This interaction is governed by
the rotational correlation time of the protein, and, hence, would
affect transverse relaxation in proteins much more than longitu-
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Residue No.

FIG. 3. 'H" transverse relaxation rates of 1.5 mM 99% 2H, 98% >N
labelled 2F2 in 50 mM acetic-d3 acid, 30%/70% H,O/D,0, pH 4.0 (sample
[2]) at 5°C and 750 MHz. Oxygen pressures of 1 and 9.5 bar were employed.
No significant differences could be detected.
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dinal relaxation. From the data presented here, this contribution
appears to be small.

It is worth noting that the property of considerably short-
ening longitudinal relaxation, while not significantly affecting
transverse relaxation, makes elevated concentrations of molec-
ular oxygen potentially useful for reducing the recycle delay in
NMR experiments when using samples with high deuteration
levels and/or at very high magnetic fields (39).

Effects of Dissolved Oxygen on '"H"Y Chemical Shift

The observed '"H" paramagnetic longitudinal relaxation en-
hancements demonstrate a hyperfine interaction between the un-
paired oxygen electrons and the 'H" protein nuclei. As a result,
a '"HV hyperfine shift may be present. Small, primarily upfield
(low frequency), oxygen induced 'H shift changes have previ-
ously been reported for small organic molecules in CCly solution
(40). In this study, small Ado,('HV) shift differences between
the different oxygen pressures were observed for most 'H" pro-
tein resonances (Fig. 4). At the moderate oxygen pressure differ-
ence of ~8.5 bar (~9.5 vs. 1.0 bar), small upfield (low frequency)
and downfield (high frequency) ASOZ(IHN ) shift differences up
to a maximum of about —1.5 Hz and +0.9 Hz, respectively, were
found at 750 MHz. A few 'H" resonances exhibited no apparent
detectable change to their chemical shifts within the pressure
range studied (Fig. 4b). Interestingly, the 'H resonances from
traces of the small organic cosolutes citrate and acetate exhibit
much larger downfield shifts of +6.1 Hz (Fig. 4b).

In the present system, a Ao, ('H") shift change between two
different concentrations of dissolved oxygen could have con-
tributions from a hyperfine shift, d¢, but also from changes in
protein structure due to the increased pressure, g, and from
a change in the bulk magnetic susceptibility of the sample, §,.
To assess the shift change due to the effects of pressure, Ny,
which is diamagnetic and apolar, like O, (), was used in place
of O,. No significant shift changes could be detected in either
the protein 'H" resonances or to the 'H resonances from the
small molecule impurities (data not shown). This result is not
unexpected, as studies of proteins at pressures up to 2,000 bar
(41) have shown only quite small 'HV shift changes of on aver-
age ~0.028 Hz/bar. This is equivalent to ~0.24 Hz for a pressure
difference of 8.5 bar, which is lower than some of the measured
A8o,(*HV) shift differences and is estimated to be close to the
detection limit of the measurements reported here. The differ-
ence in oxygen concentration between 9.5 and 1 bar oxygen is
estimated to be ~11 mM at 25°C (/). As a consequence, the bulk
magnetic susceptibility of the sample solution will increase giv-
ing rise to a uniform downfield shift (higher frequency) for all
resonances. However, assuming that the 2H in the resonance of
the D, 0O, used by the field frequency lock, is equally affected by
the increased bulk sample paramagnetism, the lock should com-
pensate for this uniform shift difference and maintain a similar
magnetic field strength at each oxygen pressure. However, if the
’H nucleus experiences in addition a small contact shift at the
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FIG.4. (a) The Ado, (YH™) shift differences observed between 2F2 solutions (sample [2]) oxygenated to (1 and 5.5) and (1 and 9.5) bar at 25°C and 750 MHz.
(b) "HV cross sections for T30, R34 from 'HY-'SN TROSY-HSQC spectra and 'HC sections for citrate from 1D 'H spectra. Peak intensities were normalized.
The origin of the frequency axis is chosen arbitrarily for each panel. Relative shift changes between the 1 and 9.5 bar datasets are quoted in the figure.

larger O, pressure then the By field strength will not be the same
at each oxygen pressure, having the effect of introducing a con-
stant shift into the Ado,('HY) values. The nonuniformity of the
shift differences, both upfield and downfield, demonstrate that
the observed oxygen-dependent Ado,('HV) values arise pre-
dominantly from a hyperfine interaction. However, a small uni-
form offset does become apparent between the (9.5-1 bar) and
(4.5-1 bar) Ado,('H") shift differences, Fig. 4a.

The hyperfine shift, §y¢, is commonly factorized into two
terms, a contact and pseudo-contact term (Scon and p,c), which
are related to the contact and dipolar relaxation pathways, re-
spectively. A pseudo-contact (dipolar) shift, 8, is orientation
dependent and in the absence of a specific O, binding site de-
fined '"HY-0, orientations would require an alignment of O,
within the protein framework presumably caused by steric or
electrostatic effects. A contact shift possesses no such geometric

requirement and the delocalisation of unpaired electron density
near or at a '"H" nucleus in a protein is conceivable either upon
close approach or when the molecules are stuck together for a
random period (12).

The small molecules acetate and citrate are found to exhibit
much larger Ado,('HC) shift differences than observed for the
protein 'HY nuclei. In analogy to the fluorescence quenching
studies of free tryptophan vs tryptophan residues in proteins
(4), the small organic molecules are less shielded from colli-
sions with oxygen than the protein "H" nuclei. It is found that
the Ado,("H") shift differences do not correlate well with the
longitudinal relaxation rate enhancements, Ro,('H") (correla-
tion coefficient R = —0.38). The lack of a significant correlation
indicates that that the processes causing the Ao, ('H") shift dif-
ferences and the Roz(lHN ) rate enhancements are different. It
appears most plausible that the chemical shift differences are
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caused mainly by contact interactions whereas the Ro,('H")
rate enhancements are dominated by dipole—dipole interactions.
The observation of contact shifts would, however, imply some
contact contribution to the Roz(lHN ) rate enhancements. For
those seven residues exhibiting the most prominent upfield or
downfield shift changes (G8, H16, C29, G33, R34, R35, G42—
see Fig. 4a) obvious dynamic or structural peculiarities can be
identified for only three of them. R34 and R35 are in a region
that is not very well defined in the solution structure of 2F2 (17)
and is somewhat more mobile than the remainder of the protein
backbone, as judged from their '>N—{'H} heteronuclear NOEs.
The '"HY nucleus of G42 exhibits a chemical shift of 3.49 ppm
indicative of the formation of an aromatic hydrogen bond with
the benzene ring of the adjacent F19 (/7). This suggests that
relatively subtle differences between individual O,—'H" in-
teractions can lead to relatively big variations of the contact
term.
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