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ABSTRACT. A remarkable recent discovery in red blood cell function is that the Rhesus antigen complex
that for so long was considered to be simply a means of cell recognition is also the ammonia transporter.

It catalyzes transmembrane exchange of ammonia on the subsecond time scale, and yet because of a lack
of rapid-exchange methodology its kinetics had not been characterized. The flux of ammonia varies
appreciably in diverse clinical states, and a convenient method for its characterization would be of basic
and of clinical diagnostic value. Fluoroethylamine is water-soluble and when added to a suspension of
human red blood cells (RBCs) displays the experimentally useful property of giving seffar&t®R

spectral peaks for the populations inside and outside the cells. By using two-site, one-dimensional
magnetization exchange spectroscopy (1D-EXSY), the transmembrane exchange of fluoroethylamine was
measured; it was found to occur on the subsecond time scale with an apparent first-order rate constant for
efflux, under the equilibrium exchange conditions, of 374 §he method was used to characterize the
concentration, temperature, and pH dependence of the exchange rate constant. We determined the extent
of competitive inhibition exhibited by ammonia and two molecules that contain an amine group (ethylamine
and methylamine). Inhibition of the exchange by incubating the suspension with anti-RhAG antibody,
and no inhibition by anti-RhD antibody, suggested specificity of exchange via the RhAG protein of the

Rh complex.

It was recently reportedl] that transmembrane exchange  The current structural model of the D antigens posits 37
of ammonia in human red blood cells (RBEskcurs via epitopes disposed along the whole length of the protein, and
channels belonging to the Amt/MEP/Rh superfamily. The since most of them are conformationally dependent, their
focus of the present work was the membrane-transporteéxposure to antibodies will be influenced by other proteins,
function of the Rh family of proteins, three of which project as well as lipids in the RBC membrart).(Anti-D antibody
from the surface of human RBCs: RhD (Rhesus protein binds to the D antigery, but accurate determination of the
expressing D antigen), RhCE (Rhesus protein expressing ccontact points between the two proteins awaits crystal-
or ¢ antigens together with E or e antigens), and RhAG !ograph|c.analy3|s70. In most D—negatlve populations, there
(Rhesus-associated glycoprotein), all of which contain 12 IS & deletion of the gene encoding the RhD protéin (
membrane-spanning domains. The Rh proteins ha2@% The 170 kDa complex of the Rh proteins is seen to be a
homology with the methylamine permease (MEP) transport- tetramer by density gradient ultracentrifugation, with two
ers and ammonia transporters (Amt) in yeast, bacteria, andRhAG molecules and two RhCE or RhD protein molecules
simple plantsZ). RhD protein is of great clinical importance ~ Stabilized in the complex by associations between their
as antibodies generated in vivo against it can cause majorr€SPective N- and C-terminal domair8«10). While the
complications in pregnancy in which a fetus is RhD positive mechanism of transport and association of the three Rh

but the mother is RhD negative (but has developed anti- proteins is not fully understood, the trimeric structure of
RhD antibodies in a previous pregnancy with an RhD AmtB presented by Khademi et afl)(provides a concise

” . . explanation for how these proteins form the Rh complex in
positive fetus), resulting in hemolytic attack on the fet8is ( RBpCs. The direct obser\?ation of the function oF; the
4. transporter without added reagents as it operates on the
subsecond time scale has hitherto not been possible. Assay
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Research Council to P.W.K. the substrate analogu¥C]methylamine that entails destruc-
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ethylamine; FE, fluoroethylamine; MA, methylamine; MEP, methyl ot
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protein; RhD, Rhesus D protein. The exchange is measured under conditions whereby the
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solute is in electrochemical equilibrium across the membrane Spectra for magnetization transfer studies were obtained
of the cell; the situation is called equilibrium exchange, and by averaging eight transients into 4K data points using a
the NMR experiment to measure the transport is akin to spectral width of 2 kHz. A relaxation delay of 11 s %)
adding a radioactive tracer to a solute-transport system thatwas used for FE exchange studies. In experiments where
is already in electrochemical equilibrium. 3-fluoro-3-deoxyglucose (3FG) was added to the cell suspen-
When viewed along its €C bond, FE has a cross section sion, a relaxation delayf® s was used for 3FG exchange
similar to that of ammonia so we postulated that its transport measurements. Fully relaxed spectra were recorded with a
into RBCs would be mediated by the same protein(s) as is z/2—acquire pulse sequence. Magnetization exchange spectra
ammonia. We investigated the inhibition of FE transport by were obtained with the 1D-EXSY pulse sequerk®:( w/2—
ammonia, and two small amines (methylamine and ethyl- evolution—z/2—mixing time—s/2—acquisition.
amine), and by anti-Rh antibodies. The results led us to the The transmitter frequency was placed at either the intra-
conclusion that FE is an experimentally valuable analogue or extracellular peak frequency, and spectra were obtained
of ammonia, and the subsecond kinetics of the Rh membrane-at four evolution times, &s (nominal zero)¥s, %4, and¥/,
transport complex could be studied under diverse conditionsdv, where dv is the chemical shift difference, in hertz,
using the powerful NMR method of magnetization transfer. between the intra- and extracellular peaks. For each evolution
This can be done without the use of NMR shift reagents to time, two spectra with mixing times of @s (nominal zero)
give separate signals from inside and outside the cells, thusand 0.4 s were obtained. The transmitter frequency was then
readily leading to a better understanding of the mechanism placed at the frequency of the other peak, and the experiment
of operation of the Rh proteins. was repeated. Combined with the fully relaxed spectrum,
this resulted in 17 spectra. The peak integrals from these
MATERIALS AND METHODS spectra were then used in an “overdetermined” 1D-EXSY
Solution Preparation.Solutions used to prepare RBCs analysis, as described previoushy?), to solve the equation:
were filtered three times through a 0.4 cellulose-nitrate
membrane (Millipore, MA) in order to remove particulate M(t) = e ©'M(0) 1)
matter (potentially paramagnetic or infective) and stored at
4 °C. Spectra obtained with a mixing time of zero were used to

pH was measured and adjusted to a precisios=0f05
pH units using a digital pH meter (model 1852MV; TPS,
Brisbane, QLD) which was calibrated using pH 4.00, 7.00,
and 10.00 standards (Merck, Kilsyth, VIC).

construct the matrisv (0), the initial values of the magne-
tization, and those obtained with a mixing time of 0.4 s were
used to construct the matiM (t), the net magnetization after
exchange.T; denotes the longitudinal nuclear magnetic

Osmolalities were measured using a Vapro vapor pressurerelaxation time. The matrixE is the exchange matrix,
osmometer, model 5520 (Wescor, Logan, UT), which was consisting ofT; relaxation and exchange rate constants. All
calibrated using a 290 mOsmol Kgstandard (Wescor).  experiments were recorded at 3Z except those that were
Unless otherwise stated, all solutions used to wash and in-used to acquire an Arrhenius plot, in which the temperature
cubate RBCs were adjusted to 28010 mOsmol kg* with was varied from 283 to 313 K. A line broadening factor of
NaCl to ensure the normal volume and the shape of cells.3 Hz and zero filling to 8K were applied before Fourier

Preparation of RBCsFreshly drawn venous blood was transformation of each free induction decay.
obtained by venipuncture from the cubital fossa of healthy  The spectra were processed using XWINNMR, Version
donors; it was anticoagulated with heparin [15 units (mL of 3.5 (Bruker); they were phased and baseline-corrected prior
whole blood)?] and centrifuged for 10 min at 30§t ~4 to quantification of peaks. Clearly resolved peaks were
°C in a swing-out rotor. The supernatant plasma and buffy integrated and overlapping ones deconvoluted, with a mixture
coat containing the platelets and white blood cells were of Lorentzian and Gaussian line shapes, using the relevant

aspirated and discarded. The RBCs were resuspended in
volumes of isotonic saline (0.9% w/v NaCl) at°€ and
centrifugally washed a further three times. Before the final

routines in XWINNMR.
For the study of pH dependence of FE transport rates,
washed RBCs were suspended in PBS containing 18% D

wash, the cell suspension was gently bubbled with CO for 20 mM NaHPOJ/NaH,PO,, and 8 mM FE. The cell

~5 min to convert the hemoglobin to the stable carbonmon-

oxy form that is diamagnetic Q). The final hematocrit (Ht)

suspension was titrated to pH values ranging from 6 to 9.
The Ht was adjusted to 0.6, and 1D-EXSY spectra were then

was~0.9. Hematocrits were measured in duplicate using a acquired.

microhematocrit centrifuge (Clements, North Ryde, NSW);

For the studies of the effect of anti-RhD and anti-RhAG

a microhematocrit reader (Hawksley and Sons Ltd., Poole, antibodies on the transport rate of FE, human polyclonal anti-

U.K.) yielded a precision of0.5% in this estimate. For
NMR experiments RBC suspensions (3aQ, final Ht
~0.63) were incubated with FE at 3€ in a 5 mm507-PP
NMR tube (Wilmad, Buena, NJ).

NMR Spectroscopyll NMR spectra were acquired on a
Bruker DRX-400 spectrometer (Bruker, Karlsruhe, Ger-
many), equipped with a 9.4 T wide-bore vertical magnet
(Oxford Instruments, Oxford, U.K.), at a radio frequency (rf)
of 376.43 MHz for'®F and 400.13 MHz fofH, using a 5
mm dual*H/*°F probe head (Bruker), where thd channel
was used for proton decoupling of the spectra.

RhD antibodies were obtained from the Royal Prince Alfred

Hospital Blood Bank, Sydney, NSW, and monoclonal mouse
anti-RhAG antibodies were obtained from the Sanquin Blood
Supply Foundation (Amsterdam, The Netherlands). As the
antibody solutions contained preservatives and were in
hypertonic media, they were diluted 5-fold and made isotonic
prior to use. Freshly drawn venous blood from an RhD

positive donor was incubated with antibodies at concentra-
tions varying between 0.5 and 3 times the concentration of
the Rh antigen calculated for that suspension of RBCs. The
suspension was centrifuged at 3gdor 8 min and resus-



9356 Biochemistry, Vol. 45, No. 30, 2006 Szekely et al.

A

inside outside

Ly

9.1 90 89 88 87

Chemical Shift (ppm) F  Tea=03v G  Tew=0.1253v H Tevol = 0.25 3v I Teva=0.58v
W W r\,\/\—\/W\/J\/M Tmix= 0.4 s
91 90 89 88 87 91 90 89 88 87 91 90 89 88 87 91 90 89 88 87

Chemical Shift (ppm)

Ficure 1: °FH-decoupled NMR 1D-EXSY spectra of FE (3.2 mM) in a RBC suspension (Ht 0.68) &€ 3{A) is the fully relaxed
equilibrium spectrum showing the high-frequency intracellular and low-frequency extracellular peaks. The upper sp&jtveefB acquired

with the 1D-EXSY pulse sequence, and the intracellular peak was inverted by setting the transmitter frequency to its chemical shift and
with 3 us (nominal zero) mixing timerf,x) and evolution timesttyo) of 3 us, Yg ov, Y, ov, Y, ov s, wheredv is the peak separation in

hertz. The lower spectra {H) were acquired with the same parameters except the mixing time was 0.4 s. A further four pairs of spectra
(not shown), with the extracellular peak inverted, were acquired with the same parameters, thus giving the 17 spectra used in the 1D-EXSY
analysis.

pended in saline to an Ht of 0.6 before the addition of 8.0 shift differences found with fluorinated substances. Panels
mM FE and subsequent acquisition of 1D-EXSY spectra. B—E of Figure 1 show the spectra from the 1D-EXSY
The extent of anti-RhD binding to the suspension was experiment with the transmitter set to the frequency of the
measured via incubation with CSL Abtectcell Ill 3% and intracellular FE peak. The upper spectra—B) were
anti-RhAG binding measured with a FACSCalibur flow acquired with a mixing timefd s and evolution times of 0,
cytometer (BD BioSciences, San Jose, CA) at 488 nm after /s, /4, and Y/, dv s; these peak intensities became the
incubating cells with equimolar fluorescent anti-mouse components of the matrik (0) (12). The lower spectra in
antibody. A control was used whereby RBCs with no anti- Figure 1 (FI) were obtained with the same evolution times
RhAG were incubated with mouse anti-DNP-9 (DNP-9 is but with a mixing time of 0.4 s; these peak intensities became
absent in RBCs) at the concentrations used for the anti-RhAGthe components of the matriM (t). The effect of magnetiza-
experiments. tion transfer can be most readily seen in the pair of spectra
Data Analysis1D-EXSY spectra were analyzed using the in Figure 1E. The large positive intensity (initial magnetiza-
method of Bulliman et al. 2) in a program that was tion) of the extracellular peak in the upper spectrum was
converted toMathematica(13). Regression analyses, both reduced to a slightly negative value in the lower spectrum.
linear and nonlinear, were carried out with standard functions This effect was due to inverted magnetization being trans-

in Mathematica ferred from the intracellular population to the extracellular
population, in the mixing time, 0.4 s. The large extent of
RESULTS magnetization transfer heralded a statistically robust outcome

for the kinetic analysis. Thus, 1D-EXSY analysl®) yielded

a rate constant for FE efflux at 3.4 mM (extracellular FE
concentration) of 3.3% 0.02 s!. This was~4-fold less
than the rate constant of 12480.7 s* quoted for ammonia
efflux from liposomes containing the Rh compledd). The
nominal stock concentration of FE of 10 mM that was added
% the RBC suspensions, for most of the experiments, yielded
an extracellular (electrochemical equilibrium) concentration
of 3.4 mM and an intracellular concentration of 4.1 mM.

Exchange KineticAn initial *°F NMR experiment showed
that FE became equilibrated between the intra- and extra-
cellular compartments of RBC suspensions in the time it took
to obtain the first spectrumy2 min. Subsequently, it was
found that a significant fraction of the population of spins
in the high-energy state exchanged across the membran
within the longitudinal relaxation time; hence the transmem-
brane exchange rate was able to be determined with a 1D-

EXSY (12) experiment (Figure 1). This overall concentration was chosen because it was the
Figure 1A shows the fully relaxetf= NMR spectrum of  g5imal one, taking into account tradeoffs in reducing the
FE in a suspension of RBCs. The separation between thegyperiment time, maximizing the signal-to-noise ratio of the

intracellular and extracellular FE resonancés)(was 69 gata and minimizing interference with the RBC suspension
Hz, or 0.18 ppm. This value decreased slightly with increased through factors such as osmotic pressure.

FE concentration (2 Hz between 1.36 and 20.4 mM),  pemprane PotentiallThe relative peak intensities in Figure
decreased with increased temperature (10 Hz between 283 o \were used in the Nernst equation to calculate the
and 313 K), remained approximately constant with addition ,embrane potential) of the RBCs 15):

of other molecules (3FG, N$;IMA, EA, etc.), and reached

a maximum of 69 Hz at pH 7.4, decreased to a minimum of RT. ([outside
53 Hz at pH 6.5, and became 46 Hz at pH 9 after inverting Ay = =3 In(f) (2)
at pH 8.5. These values are consistent with other chemical [inside]
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Ficure 2: Transport rate of FE versus its concentration in RBC 45

suspensions (Ht 0.64) at 3T. Each data point corresponds to the
value obtained from a single 1D-EXSY experiment that also yielded )
an estimate of the standard deviation, shown in the correspondingFIGURE 3: Arrhenius plot of the rate constant for FE exchange
error bar. The data were fitted by linear least-squares regression toacross the membranes of RBCs (Ht 0.6). Each of the seven data
give the liney = 2.743% + 1.7985, yieldingR2 = 0.9984. points corresponded to the result from an individual 1D-EXSY
experiment. The gradient of the fitted line wa§468 K1 that
corresponds to an activation energy of 62.1 kJ Thol

1/Temperature (K)

whereR is the universal gas constant (8.314 J*Knol™?),
T is the absolute temperature in kelviR, is Faraday’s A
constant (96.5< 10®° C mol™1), and [outside] and [inside]
denote the concentrations of the monovalent cation in the
corresponding compartments. Thus eq 2 yielded a membrane
potential of —10.06 &+ 0.05 mV, which is in excellent
agreement with the value of—10 mV that is normally
reported 16).

Further 1D-EXSY experiments were undertaken to deter-
mine (1) at what concentration the exchange of FE became
saturated, (2) the temperature dependence of the exchange
rate and hence an estimation of the activation energy for the
exchange, (3) the extent of competitive inhibition of ex-
change by added N#, and (4) whether inhibition would

occur through binding of anti-Rhesus factor antibodies to F'URE 4 Dependence of the efflux rate constant of FE in RBCs
the RBCs on the intracellular pH. (A) Plot of the efflux velocity (concentration

. . of intracellular uncharged FE& k_;) versus the concentration of
In studying the concentration dependence of the exchang&uncharged intracellular FE, calculated from the, pf FE (8.69),
rate, the final intracellular concentrations of FE ranged from and the pH of the extracellular compartment (6.00, 6.25, 6.5, 6.75,

1.1 to 33.5 mM. Rate constants for the higher concentrations7, 7.25, 7.5, 7.75, and 8.00), respectively, af@7(B) Plot ofk-,
of FE could not be reliably obtained for isovolumic RBCs versus pH. Each of the nine data points corresponded to the result

. - rom an individual 1D-EXSY experiment. The error bars denote
because the osmolality of the suspension exceeded 29Ghe corrected values obtained from 1D-EXSY analysl)(

mOsmol L. The results are given in Figure 2. A straight |ntracellular pH was determined by taking into account the
line fitted well to the data, indicating that the exchange was extracellular pH, hematocrit of the suspension, and the water-

nonsaturable in the studied concentration range of FE.accessible space in the celts)((15). The empirical trendlines in
Therefore, values for the parametds., andKy, could not ~ (A) and (B) are to guide the eye.
be independently determined. exponential behavior, suggesting that membrane transport
Activation Energy.The dependence of the exchange rate was mediated by a channel whose charge changed with pH.
of FE on temperatures ranging from 283 to 313 K was As the pH approached theKp of FE from below, an
measured. To find the activation energy of the transport, anincreasing fraction of FE would have been in the uncharged
Arrhenius plot was constructed (Figure 3). Linear regression state, thus increasing the amount available for exchange via
analysis of the unweighted data yielded an estimate of thethe transport channel. This would have led to an increase in
activation energy of 62.3% 0.2 kJ mot™. the estimated rate constant. Since rate constants could not
pH Dependencelhe dependence of exchange of FE on be obtained from the 1D-EXSY data for pH8, the usual
pH was measured by titrating RBC suspensions to pH valuesbell-shaped curvel() was not evident.
ranging from 6 to 9. Rate constants were obtained only for Competition StudiesThe effects of other amines, at
the experiments with pH in the range-8 since the two concentrations between 8 and 80 mM, on the rate of FE
peaks were not well resolved beyond pH 8 and the analysisexchange across the RBC membrane were studied. Am-
could not be reliably applied; the peak overlap arose becausemonia/ammonium (Nkf), methylamine (MA), and ethy-
the chemical shifts of both the intra- and extracellular peaks lamine (EA) were added to suspensions of RBCs containing
changed to higher frequencies, but the latter was to a larger8.0 mM FE and 8.0 mM 3FG, at 3. The rate constants
extent. for exchange of the FE and 3FG8) were determined from
The relationship between pH and transport rate constant!®F NMR 1D-EXSY experiments. These measurements were
for FE is shown in Figure 4. Both curves in Figure 4 show also made in the absence of 3FG; no effect was seen on the
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Ficure 5: Apparent efflux rate constant for FE in suspensions of RBCs (Ht 0.6) obtained in the presence of other solutes: FE (8.0 mM)
(®) and 3FG (8.0 mM) M) exchange rate constants estimated in the presence of 0, 8.0, 20.0, 40.0, and 80.0 mM; (AN¥H", (B)

MA, and (C) EA. Each data point corresponds to the result from an individual 1D-EXSY experiment. The error bars denote the standard
deviation obtained from 1D-EXSY analysis. The empirical trendlines are to guide the eye.
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Ficure 6: Dependence of the rate constant for FE efflux from human RBCs in the presence of anti-Rh antibodies. (A) Plot of FE (8.0 mM)
(®) and 3FG (8.0 mM) M) exchange rate constant values in RBCs (Ht 0.6) at@&after incubation with 0, 1.93, 3.86, 7.72, and 15.44

uM anti-RhAG (solid line) and anti-RhD (dashed line). (B) Flow cytometry data from RBCs in (A) with (a) mouse anti-DNP-9 (negative
control) and (b) mouse anti-RhAG (3.86M), both incubated with equimolar fluorescent anti-mouse antibody. Each data point in (A)
corresponds to the result from an individual 1D-EXSY experiment. The error bars denote the error estimated from 1D-EXSY Edalysis (
The empirical trendlines are to guide the eye.

exchange rate of FE in this situation (data not shown). The experiments are performed under equilibrium exchange
results are summarized in Figure 5. conditions (9—21). This gives information on biochemical
There was marked reduction in the exchange rate of FE COMposition, enzyme reaction rates, intracellular pH, and
after the addition of ammonia and each of the amines, rates of membrane transpo#X-24). In the present work,
specifically 44%, 38%, and 30%, while the exchange rate We exploited the utility of NMR to measure equilibrium
of the 3FG was affected to a much lesser extent, with a €xchange of FE in RBCs under numerous conditions includ-

reduction of 8%, 16%, and 15% in the presence of 80.0 mM ing varying concentrations of FE, MA, EA, and NNH,",
NHs + NH,*, MA, and EA, respectively. temperatures between 283 and 313 K, pH to values between

: o : 6 and 8, and, finally, concentrations of anti-RhAG varying
Antibody EffectsThe inhibition of FE exchange in RBCs .

by mouse CD241 monoclonal antibody that was specific to kil L LS
a human RhAG antigen was also studied. Figure 6A shows molgcule in the suspension of cells.
a reduction 0~29% in the exchange rate constant estimated R'POChe et al. :.(5) reported _that the RhAG molecule
for FE and only a 5% decline in the rate constant for 3FG mediates ammonia transport in human RBCs. Here, we
in the presence of anti-RhAG. Figure 6B shows that the exteljded these findings to a quantitative measy.rem.ent. ofthe
RhAG antibody was bound to the RBCs in the suspension kinetics of the process and show that the speuﬂc blndlng of
since there was significant separation in fluorescence intensi-¢ RhAG antibody to human RBCs results in a major

ties between the unbound anti-DNP-8nti-mouse complex reduction in the exchange rate of FE. The different chemical
and bound anti-RhAGanti-mouse complex. This is due to shifts (the “split-peak effect”) for intra- and extracellular FE

the unbound anti-DNP-8anti-mouse complex producing a (26) a}llowed kinetic measurements in a convenient way and
relatively less intense fluorescence signal than the RBC [N€ simultaneous measurement of the membrane potential,
anti-RhAG—anti-mouse complex. Had there been unbound POth without the use of exogenous NMR shift reagents.
anti-RhAG present in the suspension, then its mean fluores- _ 1he “split peak” effect was first characterized by Kirk et

cence intensity would have decreased. A reduction in & (26); it was found that the amount of splitting 6
exchange rate constant for FE was not seen in the presenc&esonances for various phosphoryl compounds, including

of bound anti-RhD. dimethyl methylphosphonate and the hypophosphite ion,
depends almost solely on the hemoglobin concentration in
DISCUSSION the RBCs. The physical basis of the phenomenon is now

known to be the diminution in the average extent of hydrogen
Exchange KineticsThe use of NMR spectroscopy to study bonding of the reporter aton®F), or oxygen bonded to it
rapid transmembrane exchange in cellular systems has then the case of'P, to water inside the cells. This alteration
distinct advantage that the cells need not be separated fromarises because of the high intracellular protein concentration
their surrounding medium to do the measurements, andrelative to outside the cells. There is little contribution to
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the peak separation from magnetic susceptibility effects, Studies on crystalline ammonia hydrates have shown that
contrary to an often held “belief’2(1). each of the four atoms of Ngtan participate in hydrogen
FE Permeability.The separation between the intra- and bonding @0). E, values for the permeabilities of small
extracellular®F NMR peaks of FE, under normal conditions, molecules in liposomes correlate with the number of
was 69 Hz (Figure 1); given this good resolution of the peaks, hydrogen bonds that can be formed with surrounding water
inversion transfer analysis was made relatively simple. Panelsand lipid atoms 29). Fluorine atoms are involved in
E and | of Figure 1 show the extent of inversion transfer in hydrogen bonding, too, so the rates of deprotonation of the
RBCs with the inverted intracellular peak (Figure 1E) amine group and hydrogen bonding to the fluorine atd8) (
transferring a large proportion of its magnetization to the could be significant contributors to the overall rate of the
extracellular peak (Figure 11) during the 0.4 s mixing time. transport reaction.
The measured equilibrium exchange rate constant for FE was In an equilibrium mixture of NJand NH,* in water the
3.4 s, ~25% that of NH (14). This smaller value is  [NHj3] is affected by the temperature dependence of the
surmised to be due to its larger size and polarizability. It is ionization constant30). This corresponds to an increase in
difficult to predict (and virtually impossible through NMR  pK; of 0.14 pH unit over the range-B5 °C which leads to
means to determine) the effect that the zero-trans case woulda reduction in available NHat constant pH and a corre-
have on the rate constants since equilibrium between the twosponding underestimate B, by ~5 kJ mol?'. In RBC
compartments occurs so rapidly. Determination of this effect suspensions the intracellular pH falls as temperature increases
relies on two key factors: (1) We must account for because the isoelectric point of hemoglobin is inversely
differences in osmotic pressure between internal and externalrelated to temperatur83). This effect would lead to a further
compartments, since the relative concentrations of osmoticreduction in NH concentration. Thus, measuring the pH
supports will be different in the zero-trans and the equilib- values at each temperature and correcting the apparent
rium cases. And (2), information about the pore protein must permeability estimates for the Nldoncentration would have
be available to interpret data obtained from such an experi-improved upon the interpretation of previous thermodynamic
ment, such as the mechanism of transport, i.e., if there is astudies of ammonia influx.
higher probability for the pore to exchange solute if substrate  Inhibition of FE TransportAs mentioned earlier, it has
is bound to the internal face of the protein. Such data are previously been reported that the channel protein RhAG
currently not available for RhAG in human RBCs. conducts NH/NH,* across the cell membran®5). To
Figure 2 shows that, as seen with jlthe transport was  confirm this, in the present work we attempted to specifically
not saturated up to concentrations of 35 mM, so it could be block ammonium ion transport. In the aforementioned study,
implied that the exchange occurs by simple diffusion via the p-(chloromercuri)benzenesulfonate (pCMBS) was used to
phospholipid bilayer 14). However, we demonstrated that inhibit the transport of Nhlinto RBCs @5). However, this
the efflux rate increased as the pH was raised. Since thereagent binds to sulfhydryl groups on many channel proteins,
amount of uncharged FE increases with increasing pH, thisand it is known to affect water and urea transport but not
implies that it is the neutral form that is transported. The anion transport32). Ripoche et al.Z5) found a reduction
rate increase could also be attributed to a change in thein NH,* transport with pCMBS, and they posit two possible
protonation state of charged residues on the transportermechanisms of this effect: (1) NHnay bind to particular
protein, in which case a bell-shaped curve like that seen for cysteine residues within the RhAG pore and noncompeti-
many enzymes would be expectetby, However, in the tively inhibit transport, or (2) it could inhibit water transport
present case, rate constant values were not obtained foand thus reduce flow of solutes into and out of the RBC.
suspensions with pH-8 since the intra- and extracellular  This would amplify the effect of an unstirred layer and reduce
peaks were not sufficiently well resolved to allow an accurate the rate at which Nk molecules would encounter the
determination of their separate intensities (even using amembrane as a precursor to moving across it through a
spectral peak deconvolution method in XWINNMR). transport protein. This compound therefore cannot be used
The empirical curve fitted to the data in Figure 5 does to achieve specific inhibition of ammonia transport.
not approach zero toward infinite ammonia, EA, or MA  To study first whether FE was transported via the same
concentration. This appears to indicate that other, noncom-pathway(s) as other amine-containing molecules, we noted
petitive pathways are involved in the transport of FE. We that MA and EA and NH NH,' significantly reduced the
have not, however, determined which other pathways areexchange rate of FE, while 3FG transport, which is mediated
involved (if any), although it appears unlikely that another by the GLUT-1 transporter 1¢), was only marginally
pathway is simple diffusion, since the partition coefficient affected. These results suggested specific, dose-dependent,
of FE in a solution of monoleic acids isO (unpublished competitive inhibition by cosubstrates of the transporter(s).
data). Furthermore, under the conditions used, FE transport became
Thermodynamics.The activation energyE, for the saturated at high concentrations of inhibitor. Thus transport
exchange of FE (62.1 kJ md) in human RBCs is similar  is via the same transmembrane protein(s).
to that for water permeability through pure lipid bilayers We subsequently tested whether specific noncompetitive
(46—60 kJ mot ) (27) but considerably higher than that for  inhibition of the RhAG molecule could be attained with the
water in human RBCs~25 kJ mot?) (28) and ~25% anti-RhAG monoclonal antibody. In other systems, specific

greater than that for ammonia (49.5 kJ midl(14). Taking monoclonal antibodies can effectively inhibit transport of
a value for the enthalpy change required to break a hydrogenparticular solutes across cell membran&3-35). Specific
bond to be 16-20 kJ mot? (29), then the measureH, is antibodies have the distinct advantage over chemical reagents

consistent with, or comparable to, the breaking of about four such as pCMBS in that, because a single epitope is bound
hydrogen bonds upon membrane transfer. by the antibody, no other protein is affected by its presence.
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Figure 6 shows that FE exchange was significantly affected 4.
by anti-RhAG, and yet anti-RhD had no effect. Meanwhile,
3FG transport remained unaffected, within experimental
error, in both instances. The details of the mechanism by ¢
which the anti-RhAG antibody inhibited the transmembrane
exchange of FE have not been elucidated. There are a number
of ways in which a molecule that binds to the extracellular
face of a protein may inhibit exchange through it: (1) the
relatively bulky antibody molecule could bind to a large area
of the pore of the channel; (2) a conformational change could
be induced on binding, causing a partial obstruction of the
channel; and (3) there could be interference with key residues
that are involved in the transport mechanism. For example,
the mutation of the conserved A$pto Ala'® (found near

the surface of the protein) in AmtB completely destroys
transport of MA (). This residue is surmised to be part of
the amine “recruitment” site. It is possible that this aspartate
residue was part of (or close to) the antibody binding site in
our studies. And once bound, the residue could not participate
optimally in the transport reaction, resulting in a reduction

in FE exchange rate.

In conclusion,'®F magnetization transfer NMR spectros-
copy was used to study FE permeability in intact human 13.
RBCs under equilibrium exchange conditions on the sub-
second time scale. FE transmembrane exchange in human14.
RBCs was considered to be via RhAG. The apparent rate
constant for the exchange of FE was higher than for water
but significantly lower than that for ammonia. Unstirred layer
effects may be rate determining for permeability, as pH and
temperature increase, and this aspect of the behavior of the 16
exchange requires further study. The activation eneggy,
for FE permeability was 3 times greater than for water and
~50% greater than that for NHransport; these effects are
consistent with the different extents of hydrogen bonding
evident with these two small molecules. The preséht
NMR magnetization transfer technique should be applicable
to other cellular systems for which amine transport and
metabolism are of biomedical significance.
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