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Transmembrane Exchange of Hyperpolarized 13C-Urea in Human
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ABSTRACT The rate of exchange of urea across the membranes of human erythrocytes (red blood cells) was quantified on the
1-s to 2-min timescale. 13C-urea was hyperpolarized and subjected to rapid dissolution and the previously reported (partial)
resolution of 13C NMR resonances from the molecules inside and outside red blood cells in suspensions was observed. This
enabled a stopped-flow type of experiment to measure the (initially) zero-trans transport of urea with sequential single-pulse
13C NMR spectra, every second for up to ~2 min. Data were analyzed using Bayesian reasoning and a Markov chain Monte
Carlo method with a set of simultaneous nonlinear differential equations that described nuclear magnetic relaxation combined
with transmembrane exchange. Our results contribute to quantitative understanding of urea-exchange kinetics in the whole
body; and the methodological approach is likely to be applicable to other cellular systems and tissues in vivo.
INTRODUCTION
Our aim was to quantify the kinetics of the transmembrane
exchange of urea in human erythrocytes using recently
available high-sensitivity 13C nuclear magnetic resonance
(NMR) spectroscopy, and a contemporary multiparameter
estimation method.

The 13C NMR spectrum of urea shows partial resolution
of the resonances from the molecules inside and outside
human erythrocytes (red blood cells; RBCs) in suspension
(1). This feature was previously used with 13C NMR
band-shape analysis to study the kinetics of membrane
transport of 13C-urea as it occurs under conditions of equi-
librium exchange. Thus, tracer exchange was measured
against a background of equal concentrations of urea on
either side of the cell membrane. The analysis of this situa-
tion does not allow estimation of the initial rate of influx (or
efflux), which can only be measured when there is no solute
on the opposite (trans) side of the membrane (2). The latter
measurement is technically demanding, because a type of
stopped flow analysis is required with a recording time
faster than the kinetic process. This has not been possible
before with 13C-labeled compounds as the sensitivity for
detecting 13C is very low, requiring signal averaging over
many seconds or minutes to obtain reasonable signal/noise
in the spectrum. However, with the advent of a method for
delivering dynamically nuclear-polarized 13C-labeled
molecules in aqueous media (rapid dissolution dynamic
nuclear polarization, RD-DNP) whereby the sensitivity for
detection is enhanced ~10,000-fold (3), 13C NMR spectra
are obtainable from a single free induction decay. This
makes possible the estimation of enzymatic reaction rates
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on the 1-s timescale (4–7); and we show here that this can
also apply to the membrane transport of 13C-urea.

Others have carried out phenomenological kinetic ana-
lyses of membrane transport using 13C-RD-DNP, but to
our knowledge the kinetic characterization of a membrane
transport protein has not been done before. Specifically,
by combining 13C and 31P NMR data with a relaxation-
kinetic model, Harris et al. (8) concluded that the conversion
of hyperpolarized pyruvate to lactate in breast cancer cells
(T47D) is determined by the rate at which the pyruvate
crosses the cell membrane. This outcome was discussed
further by Witney et al. (9); and a recent study compared
the data fitting using different kinetic models based on
first-order rate constants with either two- or three-pool,
uni- or bidirectional chemical reactions (10).

The normal adult human (mass ~70 kg) in nitrogen
balance produces ~30 g of urea d�1. This is synthesized pri-
marily in the liver, and being highly water-soluble, it is
rapidly excreted into the urine. It has long been known
that RBCs are freely permeable to urea and that urea does
not serve as an osmotic-support solute in suspensions of
these cells. In other words, the membrane is permeable to
urea with a rate of exchange comparable to that of water
(11,12), making its zero-trans transport measurement chal-
lenging due to the rapidity of the process. Whether this
situation pertains to other cell types, including neoplastic
cells, has not been fully explored; and if a quantitative 13C
membrane-flux-measuring method for urea and other sol-
utes that may show a split-peak effect could be developed,
it/they might serve as indicators of cell pathology, in vivo.

It can be estimated that, at rest, 20–25% of blood flow
(~1.1 L min�1) in the normal adult human is to the kidneys,
and that at any given time 10% of that flow is via the vasa
recta into the renal medulla, where the glomerular filtrate
is concentrated (13,14). The latter is achieved by a
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countercurrent exchange mechanism that involves a centrip-
etal concentration gradient of urea, with the interstitial urea
concentration possibly reaching ~1.2M at the tip of the loops
of Henle. Thus RBCs flowing through capillaries in this
tissue-zone are exposed to a massive transmembrane urea
concentration gradient over a time course of ~20 s. If the
RBC plasma membranes were not freely permeable to
urea, given the small molecular size and electrical neutrality
of urea, it would leak into the cells and upon return to the
normal circulation, a urea-loaded RBC would rupture due
to the osmotic gradient across its plasmamembrane. Because
the mean circulation time back to the left ventricle of the
heart is ~1 min, each RBC is exposed to the renal medulla,
on average, every 40 min or ~36 times a day. The evolved
solution to this problem has been the selection of a transport
system that renders the RBC plasma membrane transparent
to urea via at least one selective transport protein (15).

In our quest to characterize the function of the urea
transporter, we developed experimental methods and data
analysis that led to estimates of the Michaelis-Menten
steady-state kinetic constants (counterparts of conventional
enzyme kinetics) of the transporter, namely the maximal
velocities and Michaelis constants (substrate concentrations
at half-maximal velocity). These findings have significance
in estimating tracer (labeled urea) dilution kinetics
throughout the blood and then the whole body.
MATERIALS AND METHODS

RBCs

These experiments were approved under regulation No. NUS-IRB 12-199

by the local Institutional Review Board from the National University of

Singapore. Erythrocytes were obtained from healthy donors and washed

in isotonic saline (154 mM NaCl), with osmolality measured to be 290

mOsmol kg�1 with a Vapro5600 vapor pressure osmometer (Wescor,

Logan, UT) with 10 mM glucose. The cells were then centrifuged

(10 min, 4�C, 3000 g) and the supernatant and buffy coat were aspirated.

This operation was repeated twice, followed by bubbling with CO (to

render the hemoglobin into a stable diamagnetic state) for 15 min. The cells

were then washed twice with a hypertonic solution (300 mM NaCl and

10 mM glucose; the osmolality was measured to be 583 mOsmol kg�1

exclusive of the glucose) to shrink the cells and hence raise the intracellular

protein concentration to increase the transmembrane peak splitting (see

below) (1). After the final wash, the hematocrit (Ht) was adjusted to ~90%.
RD-DNP

13C urea was dissolved in glycerol at a concentration of 8 M with 15 mM

Ox063Me (Oxford Instruments, Oxford, UK) trityl radical, which is used

to transfer magnetic polarization from the electrons to the nuclei.

To shorten the relaxation time, 2.0 mM DOTAREM [Gd3þ2-(4,7,10-
tris(carboxymethyl)-1,4,7,10-tetrazacyclododec-1-yl)acetate] was added

(Guerbet Asia Pacific, Tsuen Wan, N.T., Hong Kong) and 35 mL of this

mixture was introduced to the hyperpolarizer and rapidly cooled to ~1.2 K.

The HyperSense (Oxford Instruments) instrument has a 3.35 T supercon-

ducting magnet and a 100 mW microwave source. The frequency used for

exciting the electron-spin transitionswas 94.113GHz.After ~1h of radio-fre-

quency (RF) irradiation, the sample was rapidly dissolved under automatic
control with 4 mL of hypertonic phosphate-buffered saline (PBS) (pH 7.4,

583mOsmol kg�1) thatmatched the osmolality of theRBCwashingmedium.
NMR spectroscopy

13C NMR spectra were recorded at 100.3 MHz, on an UltraShield 400 MHz

spectrometer fitted with an Avance III console (Bruker, Karlsruhe,

Germany). A 10-mm broadband-observe probe was used to record the

spectra. The temperatures were calibrated using ethylene glycol and meth-

anol samples and set to 310 K or 293 K inside the NMR tube. A 10-mm

O.D. NMR tube was introduced to the spectrometer magnet with a Teflon

(E. I. du Pont de Nemours, Wilmington, DE) line connected to a syringe to

add or remove solutions while the tube was seated inside the magnet. This

Teflon line was thermostated within a double-envelope Perspex tube placed

inside the bore of themagnetwithwater flow froma thermostated bath to give

the required temperature at the end of the outlet tube (see Section S1 in the

Supporting Material). The magnetic field homogeneity was adjusted on a

sample of PBS. A 2-mL suspension of RBCs was added to a 10-mm NMR

tube and thermally equilibrated before hyperpolarized 13C urea was injected

into the sample via the thermostated Teflon tube. The total sample volume

was always 4 mL so 1 mL of buffer was added to 2 mL of cells when using

1 mL of hyperpolarized urea solution. The buffer was added with or without

40 mM unlabeled urea. Immediately after the injection, recording of the

spectral time course was begun. The RF pulse sequence used a 1-ms non-

selective (hard) pulse of 66 W from the 13C channel, invoking a nutation

angle (flip angle) of ~4�. A spoiling magnetic-field gradient pulse was

applied during the relaxation delay to remove any residual transversemagne-

tization between transients. The recycle time for each transient was set to 1 s;

and 128 spectra were recorded in a pseudo two-dimensional experiment. All

experiments were performed at least in duplicate.
Data analysis

NMR data were processed using the software TOPSPIN Ver. 3.0 (Bruker),

and spectra were extracted as a text file that was read into a MATLAB soft-

ware program (The MathWorks, Natick, MA). The data sets obtained at 20

and 37�C were preprocessed to align spectra (systematic drift or variation

was evident in sequences of RD-DNP 13C NMR spectra). Then each data

set was analyzed independently using the band-target entropy minimization

method (17,18). Preliminary analysis identified a third smaller band in each

data set, and therefore, for this data, two-peak and three-peak curve fitting

models were constructed for the data sets at 20 and 37�C. The general and
adaptable Pearson band-shape model (18) was used for each band and it

was assumed that the band shapes and position of each maximum amplitude

remained constant for the duration of each time course of spectra. Therefore,

only a small number of parameterswere needed to be optimized; specifically,

two or three sets of band-shape parameters and two or three positions of each

maximum were constrained not to vary from spectrum to spectrum, and

finally the set of intensity values for each band was fitted. These were ob-

tained by minimizing the sum of the squares of the residuals between simu-

lated data and the experimental data. The signal intensities obtained from

this postprocessing of the datawere then used as input for fitting the transport

model to the data using a program written in Mathematica (19), based on

those described in Kuchel et al. (20) and Puckeridge et al. (21,22).
THEORY OF METHODS—MODEL

Implications of the excited state of the nuclei

In constructing a kinetic model to simulate and fit the 13C-
urea transport data, three important considerations were:

1. To a very good approximation, the signals arise from the
hyperpolarized 13C-atoms only;
Biophysical Journal 105(9) 1956–1966



FIGURE 1 Schematic representation of the exchange of hyperpolarized

and nonhyperpolarized 13C-urea across the plasma membrane of an RBC.

The velocities (reaction rates) are denoted by ve and vi for the extra-to-

intracellular direction and vice versa, respectively; and the longitudinal

relaxation rate constants for 13C-urea in the extra- and intracellular com-

partments are denoted by 1/T1e, and 1/T1,i, respectively.
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2. They relax according to an intrinsic relaxation time con-
stant T1; and

3. All solute fluxes depended on the total concentration of
the solute and not only on the detected species (in this
case the hyperpolarized 13C atoms).

The unidirectional conversion rate constant, 1/T1, is poten-
tially able to be estimated in separate experiments (23); it
characterizes the conversion of the labeled to the unlabeled
species and accordingly rate equations must be written for
each label-state of the various species.

In the NMR experiment, the signal-sampling RF pulse
nutates a small fraction of the longitudinal magnetization
into the transverse plane for detection (24), and it is lost
thereafter. The removal of this magnetization (the amount
depends on the cosine of the pulse angle) in discrete steps
during the time course of spectral acquisition must also be
expressed in the model function. See Pagès and Kuchel
(25) for a detailed description of the different parameters
that are considered when constructing such a kinetic model.
Overall reaction scheme

Fig. 1 shows the basic reaction scheme that describes the
exchange of hyperpolarized urea, denoted by U*, and its
nonhyperpolarized counterpart, U, between the extra- and
intracellular compartments in an RBC suspension. The
differential equations that describe the kinetics of this reac-
tion scheme were written using the conventional principle of
mass action (26,27).

If the system were in homogeneous free solution, its time
dependence could be described as follows, where the square
brackets denote concentration (mol L�1) and the subscripts
e and i denote extra- and intracellular, respectively:

d½U�
e �

dt
¼ �

�
1

T1;e

þ vye

�
½U�

e � þ vyi ½U�
i �;

d½Ue�
dt

¼ 1

T1;e

½U�
e � � vye½Ue� þ vyi ½Ui�;

d½U�
i �

dt
¼ �

�
1

T1;i

þ vyi

�
½U�

i � þ vye½U�
e �;

d½Ui�
dt

¼ 1

T1;i

½U�
i � � vyi ½Ui� þ vye½Ue�:

(1)

The rate constant that characterizes the transport in the
forward direction is denoted by vye (an abbreviation for
ve¼
½Ctot;e�½Ue

ðk�2k�1þk3ðk�1þk2ÞÞðk4þk�4Þþ½Ue� k1ðk4ðk�2þk3Þþk2ðk3þk4Þ
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ve/i; units mol L�1 s�1) and in the reverse direction by
vyi, while the longitudinal relaxation time constants in the
respective compartments are denoted by T1,e and T1,i.

Account must be taken of the partitioning of the urea into
the two compartments, extra- and intracellular (if there were
more compartments, more equations would be required; see
Discussion); therefore, it is expedient to write the differen-
tial equations in terms of mole amounts and not con-
centrations. Once the amounts are known at any time, by
numerical integration of the differential equations, the con-
centration in each compartment can be calculated by
knowing the volume of the compartment. This approach
caters for changes in compartment volume (cell volume
changes) that can occur in these types of experiments
(22,28).
Four-state transmembrane carrier

Fig. 2 shows the reaction scheme for a simple four-state
carrier in which both the loaded and unloaded carriers ex-
change binding sites (this corresponds to a conformational
change, or isomerization, of the protein) between the
interior and the exterior faces (and vice versa) of the plasma
membrane (29).

The reaction scheme has corresponding steady-state rate
equations for influx and efflux of the solute. Such steady-
state equations can be derived by using symbolic algebraic
programs such as Rateequationderiver written in the soft-
wareMathematica, and described in Mulquiney and Kuchel
(28). Thus we obtained the expression for the velocity, or
rate, of influx, ve,
� k1k2k3k4

Þþ½Ui� k�3ðk�2k�1þk�4ðk�2þk�1þk2ÞÞþ½Ue�½Ui� k�3k1ðk�2þk2Þ;
(2)



FIGURE 2 Representation of a four-state transmembrane-exchange

carrier. The carrier protein is denoted by C, and the subscripts e and i refer

to the extra- and intracellular compartments, respectively; similarly for urea

(U) in each compartment.
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where [Ctot,e] is the total concentration of the carrier in the
membrane, averaged over the volume of the external
compartment; this assumes rapid solute mixing on a time-
scale much smaller than for the NMR measurement, i.e.,
subsecond. The values [Ue] and [Ui] are the urea concentra-
tions in the extra- and intracellular compartments, respec-
tively, and k5i, i ¼ 1,.,4 are the unitary rate constants
that define the reactant flux via the various reactions. The
efflux velocity, vi, is related to the influx velocity via the
ratio of the two urea concentrations and the overall equilib-
rium constant, as follows:

Keq ¼ k1k2k3k4
k�1k�2k�3k�4

; (3)

thus,

vi ¼ ve½Ui�
Keq½Ue�: (4)

By deriving expressions for the relationships between the
unitary rate constants and the steady-state parameters,
Eq. 2 can be written as

ve ¼ ½Ctot;e�kcat;e½Ue�
Km;e þ ½Ue� þ ½Ui�Km;e

Km;i

þ ½Ue�½Ui�K2;e

; (5)

where Km,e and Km,i are the respective Michaelis constants
for extra- and intracellular urea, K2,e is a cross term that
characterizes and distinguishes a pore from a carrier (29),
and kcat,e is the turnover number for the outward facing
carrier. The expressions for the steady-state parameters
given in terms of the unitary rate constants are

Vmax;e ¼ ½Ctot;e�kcat;e ¼ ½Ctot;e�k2 k3 k4
k4ðk�2 þ k3Þ þ k2ðk3 þ k4Þ; (6)

ðk�2k�1 þ k3ðk�1 þ k2ÞÞðk4 þ k�4Þ

Km;e ¼

k1ðk4ðk�2 þ k3Þ þ k2ðk3 þ k4ÞÞ ; (7)
and

K2;e ¼ k�3ðk�2 þ k2Þ
k4ðk�2 þ k3Þ þ k2ðk3 þ k4Þ: (8)

Similarly, the expression for steady-state efflux and the
details of the steady-state parameters in terms of the unitary
rate constants are

vi ¼ ½Ctot;i�kcat;i½Ui�
Km;i þ ½Ue� Km;i

Km;e
þ ½Ui� þ ½Ue�½Ui�K2;i

; (9)

½Ctot;i�k�1 k�2 k�4

Vmax;i ¼ ½Ctot;i�kcat;i ¼

k�2k�1 þ k�4ðk�2 þ k�1 þ k2Þ; (10)

ðk�2k�1 þ k3ðk�1 þ k2ÞÞðk4 þ k�4Þ

Km;i ¼

k�3ðk�2k�1 þ k4ðk�2 þ k�1 þ k2ÞÞ ; (11)

and

K2;i ¼ k1ðk�2 þ k2Þ
k�2k�1 þ k�4ðk�2 þ k�1 þ k2Þ: (12)

The rate constants (with superscript daggers) vye and vyi in
Fig. 1 and Eq. 1 are given by the expressions for ve and vi
without the [Ue] or [Ui] in the respective numerator.
Simplification—elimination of the cross term

The cross term in the rate expressions (Eqs. 5 and 9), i.e.,
those containing [Ue][Ui], describes a nonlinear (degree 2)
response to substrate concentration that is over and above
the usual rectangular hyperbolic response of a conventional
Michaelis-Menten-type enzyme. However, if the rates of
interchange between the extra- and intracellular carriers
are much greater than the on- and off-rates of urea from
the carrier, i.e., {k4, k�4, k2, k�2} >> {k1, k�1, k3, k�3},
then it is readily seen that Eqs. 5 and 9 reduce to the classical
product-inhibited Michaelis-Menten equation. (This can be
seen by supposing that the values of the rate constants in
each set are the same, so K2,e, and K2,i take on values of
the same order of magnitude as k�3/k4 and k1/k�4, and the
larger the value of k4 or k�4, the smaller are the values of
K2,e, and K2,i.) In other words, if the exchange rate of the
carrier (both loaded and unloaded) is high, the rate equation
becomes that of a product-inhibited Michaelis-Menten type,

ve ¼ ½Ctot;e�kcat;e½Ue�
Km;e

�
1þ ½Ui�

Km;i

�
þ ½Ue�

; (13)

where Km,i and [Ui] are the counterparts of the product inhi-
bition constant and product concentration, respectively; and
Biophysical Journal 105(9) 1956–1966
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by symmetry the velocity of the reverse overall reaction is
described by

vi ¼ ½Ctot;i�kcat;i½Ui�
Km;i

�
1þ ½Ue�

Km;e

�
þ ½Ui�

: (14)

These carrier equation forms were used to analyze [2,19F]
2-deoxy-D-glucose exchange in human RBCs using 19F
NMR spectroscopy (30).
Carrier concentration

We interpret the meaning of the total concentration of the
membrane carrier as follows: h is the number of carrier mo-
lecules per RBC (~14,000 [RBC]�1) (31); n is the number of
RBCs in the sample namely Vsample Ht/MCV; MCV is the
mean cell volume (86 fL) (32); and N is Avogadro’s number.

In the extracellular volume, therefore, the effective total
concentration of the carrier is

½Ctot;e� ¼ Vsample Ht h=ðMCV N VeÞ; (15)

where Ve is the extracellular volume. The corresponding
expression for [Ctot,i] has Vi instead of Ve in Eq. 15. Further-
more, if the equilibrium constant of the exchange reaction is
Keq¼ 1, then a mathematically useful pair of relationships is

ve ¼ ½Ctot;e�kcat;e½Ue�
Km;e þ ½Ue� þ ½Ui�rþ ½Ue�½Ui�K2;e

; (16)

kcat;e
TABLE 1 Parameters used to fit the experimental data with

the Bayesian-MCMC approach

Description Remark

Maximum parameter increment 1.0%

Number of iterations 25,000

Prior constraints All parameters >0, T1,e < 44 s,a
vi ¼
½Ctot;i�

r
½Ui�

Km;e

r
þ ½Ue�

r
þ ½Ui� þ ½Ue�½Ui�K2;e

r

¼
½Ctot;i�Ve

Vi

kcat;e½Ui�
Km;e þ ½Ue� þ ½Ui�rþ ½Ue�½Ui�K2;e

: (17)

Thus, the flux in either direction across the membrane is
characterized by only four independent steady-state kinetic
parameters, kcat,e, Km,e, K2,e, and r ¼ Km,e/Km,i ¼ K2,e/ K2,i.
(To check the analysis, we multiply Eq. 14 by Ve and Eq. 17
by Vi and obtain the flux in mol s�1 in either direction across
the membrane; at equilibrium [Ue] ¼ [Ui], making ve ¼ vi,
as required.)

Overall, this section enables the interpretation of the esti-
mates of the maximal velocities in terms of the number of
transporters per cell, and their turnover number.
and T1,i < T1,e
RF pulse angle 4�

Delay between urea addition

and start of the experiment

As measured for each experiment

(between 2 and 5 s)

Cutoff from burn-in period 30%

aT1 value of
13C urea in PBS at 400 MHz (23).
Markov chain Monte Carlo algorithm

The fitting of the model to the experimental data used a
Bayesian type of analysis (33,34). In this approach each
Biophysical Journal 105(9) 1956–1966
model Hi (H stands for hypothesis) is assumed to have a
vector of parameter valuesw. A model is defined by its func-
tional form and two probability distributions:

1. A prior distribution P(wjHi) that states which values the
parameters can plausibly take; and

2. The predictions P(Djw, Hi) that the model makes about
the data when w is a particular set of values (35).

Prior information in this work was that the T1 of
13C-urea

outside the RBCs in the suspension was not larger than
that of 13C-urea in PBS alone, 44 s (23); and the T1 of
the intracellular 13C-urea was smaller than that of extracel-
lular 13C-urea. If any of these conditions were violated in
the process of sampling parameter space by using the
Markov Chain Monte Carlo (MCMC) method then the
probability of this parameter set was assigned the value
zero. The Metropolis-Hastings MCMC algorithm (36,37)
yielded estimates of mean values and standard deviations
of the parameters (38–40). The program was implemented
in the software Mathematica (19) and has been described
in detail (20–22).

Duplicate experiments were analyzed simultaneously
with initial estimates of the fitted parameters entered into
the program, and sampling of parameter space was
performed with 25,000 iterations with maximum incre-
mental steps of the various values of 1.0%. Tables 1
and 2 summarize the floated parameters and their esti-
mates, respectively.
RESULTS

Hyperpolarized 13C-urea injected into RBC
suspensions

Fig. 3 shows a typical NMR spectrum of hyperpolarized
13C-urea in the presence of shrunken RBCs. The two
partially resolved resonances are from the extra- (larger
chemical shift) and intracellular (smaller chemical shift)
urea (1). The resolution between both signals was incom-
plete, so the spectra were numerically deconvoluted as
described in Materials and Methods (18,41). All NMR ex-
periments performed at the same temperature were



TABLE 2 Average values of the floated parameters after the Bayesian-MCMC analysis and estimates of Kapp,eq

Temperature 20�C 37�C

Volume of added hyperpolarized urea 2 mL 1 mL 1 mL þ cold urea 2 mL 1 mL 1 mL þ cold urea

T1,e (s) 14.4 5 0.3 32 5 4 19 5 3 32 5 4 41 5 2 39 5 3

T1,i (s) 13.0 5 0.6 3.1 5 0.1 4.5 5 0.5 10 5 1 9.1 5 0.3 9.2 5 0.5

Km,e (mmol L�1) 42 5 5 48 5 10 27 5 4 38 5 10 33 5 8 35 5 10

Km,i (mmol L�1) 11 5 2 12 5 3 15 5 5 14 5 4 18 5 5 30 5 10

Kapp,eq (mmol L�1) 141 146 106 130 80 76

Vmax,e (mmol L�1 s�1) 5.8 5 0.7 33 5 2 18.2 5 0.9 22 5 3 16 5 1 18 5 2
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deconvoluted initially without prior knowledge or assump-
tions about the number of resonances.
Spectral deconvolution

The best fits, across a complete data set recorded at a given
temperature (i.e., five and six experiments at 37 and 20�C,
respectively) were obtained by using a three-peak model
for which two of the peaks perfectly overlapped the extra-
and intracellular resonances. The deconvoluted spectra
overlapped the experimental data (Fig. 3 a) almost perfectly,
and only a minor frequency shift was observed between the
fitted and experimental signals. The line-width of the third
deconvoluted resonance was significantly greater than the
other two and had a chemical shift between them at 37�C,
and it was overlapped by the extracellular peak in the
spectra recorded at 20�C. The area of the residual after
fitting was small, as illustrated in Fig. 3 b. The peak areas
FIGURE 3 (a) Experimental and deconvoluted 13C NMR spectrum after

addition of 2 mL of hyperpolarized 13C-urea (70 mM) into 2 mL of RBCs

(Ht ¼ 95%) at 37�C. The signal deconvolution was performed by using a

three-peak model. (b) Individual components of the deconvoluted experi-

mental spectrum. To see this figure in color, go online.
obtained from the deconvolutions represented the evolution
of the amounts of urea in each compartment during the time
course. Because the unknown signal had the same chemical
shift as the extracellular urea in experiments done at 20�C,
we deemed it to be part of the extracellular pool (see
Discussion).

Fig. 4 shows the quantity (obtained from the relative-area
estimates) of the intra- and extracellular hyperpolarized urea
after injecting different initial amounts of hyperpolarized
13C-urea. Whereas the extracellular amounts varied from
one experiments to the next, the maximum 13C-urea signal
from inside the cells became almost the same in all
experiments.
Model fitting

The complete four-state model was fitted to the signal
areas obtained from the deconvolutions. Although the
fittings of the experimental data were statistically satis-
factory (fitted well visually), we did not obtain consistent
estimates of the steady-state kinetic parameters. In other
words, even the robust MCMC method could not handle
the low sensitivity of the fitting to values of the cross-
constant, K2,e. Low sensitivities of simulated time courses
to changes in the value of this parameter are shown in the
Section S4 in the Supporting Material. Almost no change
FIGURE 4 Evolution of the amount of hyperpolarized 13C-urea in 2 mL

of RBCs at 20�C as a function of the quantity of added hyperpolarized

(denoted Urea*) or unlabeled (denoted Urea) 13C-urea. The main plot

shows the evolution of the amount of extracellular hyperpolarized
13C-urea; (inset) amount of intracellular hyperpolarized 13C-urea. To see

this figure in color, go online.
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in signal evolution trajectory was seen when K2,e was
varied by five orders of magnitude. Therefore we mathe-
matically reduced the initial model and fitted the data by
concluding that protein isomerization is very fast relative
to the binding and dissociation steps of the reaction (see
above), thus leading to a rate equation that is identical to
the product-inhibited Michaelis-Menten equation (Eqs. 13
and 14). Fig. 5 shows representative data fitting for each
of 25 and 37�C, and Table 2 summarizes the parameter es-
timates. All fitted data sets are shown in Section S3 in the
Supporting Material.
DISCUSSION

Spectral deconvolution

Previous estimates of the rate of urea transport into RBCs
(either by 13C NMR or by 14C radioactivity measurements)
were carried out under conditions of equilibrium ex-
change (1,11,42). By using hyperpolarized urea, we were
able to study the system when it was initially under
nonequilibrium conditions, on the 1-s timescale. In other
words, it was initially under zero-trans conditions (2).
To enhance the resolution of the two 13C NMR resonances
the RBCs were osmotically shrunk using buffer condi-
tions that we had used previously (1). However, the
FIGURE 5 Addition of 2 mL of hyperpolarized urea to 2 mL of RBCs at

(a) 20�C; and (b) 37�C. Data points were obtained from the deconvolution

of the experimental NMR spectra. (Solid and dashed lines) Evolution of the

hyperpolarized and total species (both hyperpolarized and nonhyper-

polarized) obtained after the MCMC fitting, using the fast-isomerization

carrier model. To see this figure in color, go online.
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NMR spectral resolution is still incomplete, so we used
the band-target entropy minimization method decon-
volution algorithm that has no preconceptions about the
number of peaks and their relative areas; our conclusion
after studying systematic deviations of fitting the model
to various data sets was that three peaks best described
the data. Two of the fitted peaks overlapped with those
of extra- and intracellular urea whereas the third, broader
one, lay between both signals for the data recorded at
37�C; but it was overlapped by the extracellular peak for
those recorded at 20�C. The signal deconvolution was
excellent with only a slight frequency shift of the fitted
function. This small shift was responsible for the oscil-
lating residual signal of low net area (Fig. 3 b). Specif-
ically, the left- and right-hand sides of the two peaks in
the NMR spectra had steep slopes, so even minor fre-
quency shifts in the fitted function led to relatively large
excursions in the residuals. However, the relative differ-
ences between deconvoluted and experimental peak areas
were typically <0.1%.
Mechanisms for the fitted third peak

Seven plausible mechanisms for generating the third peak
on fitting the data from hyperpolarized 13C-urea in RBC sus-
pensions were:

1. Heterogeneity in the extent of shrinkage of the cells;
2. A pool in the extra- or intracellular compartments that

remained unmixed with the others up to 2 min after
injection;

3. A pool in the membranes of the cells that only slowly
exchanged with the other two pools over the subsequent
2 min;

4. Adsorption of urea onto hemoglobin (and other less
abundant proteins) inside the cell;

5. Rapid exchange line-broadening brought about by asso-
ciation of urea with the extracellular surface of the
RBCs;

6. Gd3þ in the DNP solution that could associate with extra-
cellular components and give rise to two (or more) rates
of relaxation and line broadening; and

7. RBC reorientation in the magnetic field, B0, of the NMR
spectrometer that takes place on a timescale similar to
that of the DNP experiment (alignment with B0 is the
basis of a higher resolution than might otherwise be
expected for 1H-spin-echo spectra of static samples of
RBCs (43)).

A consequence of all the above factors is that there is
not a single physical explanation for the third peak,
and that it probably only has empirical meaning at this
stage; thus, the combination of the third peak with that
of the extracellular one described the overall line-shape
better (in a statistical sense) than a single Lorentzian
function.
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Arguments for particular mechanisms

Mechanism 1

This mechanism is unlikely to be a major contributor to the
nonideal spectral line shape in this case, because previous
studies carried out under equilibrium-exchange conditions
did not reveal a third peak (1). In addition, dimethyl meth-
ylphosphonate added to RBCs in a range of cell volumes
encompassing those used in this work shows only two
well-resolved peaks in 31P NMR spectra of the solute.
Because dimethyl methylphosphonate is known to have a
chemical shift that is a strictly-decreasing function of cell
volume (44–47), a distribution of cell volumes would
produce a broadened intracellular peak; under these buffer
conditions, it did not occur.

Mechanism 2

If the third peak resulted from incomplete mixing of the
hyperpolarized 13C-urea, this might occur in either compart-
ment. Flow-induced distortion of the RBCs can take place,
like that in blood flowing in blood vessels. Hence, the third
peak could arise if there were a distribution of cytoplasmic
mixing efficiencies. Because the third peak arose immedi-
ately after injecting the hyperpolarized 13C-urea, and did
not grow like the intracellular peak, this suggests that it
had an extracellular origin.

Mechanism 3

Because the third peak had a relative area of up to 10% of
the total area of the signal this was unlikely to be
ascribed to a pool in the membranes, because the total
volume of the phospholipid membrane relative to the
cytoplasmic volume of an RBC is very small. This can be
estimated as follows: the surface area of a human RBC is
~143 mm2 (44); the volume in isotonic conditions is ~86
fL (32); and the thickness of a phospholipid bilayer is
~5 nm (27). Thus, the volume of the bilayer is ~0.8% of
the cell volume. The RBCs in this work had a mean volume
of ~64 fL, therefore the phospholipid bilayer volume was
1.1% of each cell, and yet in a sample with Ht ~ 30%, the
membrane compartment volume would have been <1% of
the total sample volume. The partition coefficient of urea
in lipids is also very low (48), so it is unlikely that the
urea had become concentrated in the phospholipid bilayer.
And, given the physical-chemical properties of membrane
transport proteins, they do not partition their transported sol-
utes into a significant pool.

Mechanisms 4 and 5

Chemical exchange that is intermediate on the NMR time-
scale will give rise to line broadening. This could result
from association of urea with the extracellular glycocalyx
of the RBCs, and it is an aspect that is amenable to further
study by using RBC ghosts (i.e., RBCs depleted of hemo-
globin but with an intact plasma membrane). Although
line-broadening could be studied with ghosts, the separation
of the two peaks requires a high protein concentration inside
the cells. Hence, ghosts cannot be used in studies of mem-
brane transport (exploiting the split-peak phenomenon)
unless a high concentration of protein is added outside them.

Mechanism 6

The omission of Gd3þ from the DNP solution still enabled
hyperpolarization of the 13C-urea but its exclusion made
no difference to the optimal fitting function of the emergent
13C NMR spectra, which remained at three peaks (data not
shown).

One-dimensional 1H imaging profile experiments were
performed (see additional discussion in Section S2 in the
Supporting Material) to investigate the possible origin of
two extracellular pools. From these experiments, it appeared
that convection (resulting from thermal gradients) could
account for the differences in one-dimensional 1H NMR
imaging profiles of water.

Furthermore, the area of the third peak decayed in a
manner similar to the intra- and extracellular signals. This
should not have been the case if it was due to sample hetero-
geneity, which would give rise to a distribution of popula-
tions, hence multiple peaks. Thus, the third peak was
deemed to result from alterations of the extracellular peak
shape from the ideal Lorentzian (or even Gaussian) shape,
brought about largely by convection in the sample.

Mechanism 7

Overall, we concluded that the third peak in the analysis
of the spectra was from the extracellular population of
13C-urea arising from flow-convection, heterogeneity in
the distribution of the solute (i.e., incomplete mixing of
the hyperpolarized solution when it was injected into the
densely packed RBCs), thermal gradients, cell reorientation,
and most probably all such mechanisms together. The ther-
mostated delivery system (described in detail in Section S1
in the Supporting Material) was designed to achieve thermal
homogeneity in the sample, but the fact that the 20�C data
had the third peak residing under the extracellular one,
and the fact that it was shifted to lower frequency in the
37�C data, suggested a significant thermal contribution to
the origin of the third unresolved peak.
Comparison with other biochemical systems

At t ¼ 0, there was no hyperpolarized intracellular 13C-
urea, so the signal should have increased from the begin-
ning of the time course. It is evident from Fig. 3 that despite
care given to the rapid injection (in <3 s) of the hyperpo-
larized 13C-urea, we were unable to catch the buildup of
the intracellular signal; this highlights the very fast trans-
port of urea across the RBC membrane. This contrasts
with the slower buildup of other hyperpolarized 13C-solutes
in cells and tissues (4,5,7,9). Under hyperpolarized
Biophysical Journal 105(9) 1956–1966
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conditions, the observed signal is the result of a competition
between the natural spin relaxation and the chemical con-
version of molecules. Although the intracellular signal
buildup was not observed, the kinetic equilibrium was not
reached for the first several seconds after the start of the
acquisition. This is highlighted by the sum of the observ-
able (hyperpolarized) and nonobservable signal for each
pool (Fig. 5, dashed lines) seen in the simulations of the re-
action scheme, using the parameter values obtained from
the MCMC fitting.
Data fitting—general

The fitting of the complete four-state carrier model did not
give robust and reliable estimates of the values of the kinetic
constants. After several experiments we were led to
conclude that urea transport was inhibited by the trans pop-
ulation of urea, so a product-inhibition-like Michaelis-
Menten equation was justified. Despite the injection of
various amounts of hyperpolarized urea with or without
unlabeled urea, already at equilibrium between the two
pools, the maximum quantity of intracellular urea was
similar for all experiments (Fig. 4). Simulating signal evolu-
tion with a set of values for one specific parameter (see
Section S4 in the Supporting Material) showed the low
influence of the isomerization rate of the carrier on the
signal time course. On the other hand, parameter estimates
obtained by using the simpler model gave reproducible
values with small standard deviations, with similar esti-
mates from a range of initial experimental conditions.
Data fitting—actual values

To compare our estimates of the maximum velocities of urea
exchange, Vmax,e and Vmax,i, with previously published
values (1,42), we expressed the parameters as a function
of the total surface area of RBCs in the sample, considering
a cell surface area of 143 mm2 (41). In the forward direction,
the maximum velocity of the reaction, Vmax,e, lay between
6.1 and 8.4 � 10�7 and 2.3 and 13.2 � 10�7 mol s�1 cm�2

at 37 and 20�C, respectively. Thus, there was insignificant
difference in the values for both temperatures. The fitted
values were of the same order of magnitude as given in
Karan and Macey (42) (1.14 � 10�7 and 4.51 � 10�7 at
21 and 43�C, respectively) and in other studies (11,12,49).
However, these values are an order-of-magnitude larger
than those reported previously for the system under
equilibrium-exchange using 13C NMR band-shape analysis
(1). The explanation for this discrepancy is that the value
of the apparent Michaelis constant, Kapp,e, is dependent on
the urea concentration on the opposite side of the
membrane:

Kapp;e ¼ Km;e

�
1þ ½Ui�

Km;i

�
: (18)
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At equilibrium, the Kapp,e values were ~140 and ~80 mmol
L�1 at 20 and 37�C, respectively (Table 2). The estimates
at 20�C are ~5 and ~2 times lower than the values reported
by Karan and Macey (42), Yousef and Macey (49), and
Brahm (11), but of the same order of magnitude as the
measurement of Mayrand and Levitt (12); and ~3 times
lower than our previous estimate (1). As the temperature
increased, the estimates of Kapp,e decreased, an opposite
trend to what was reported in Brahm (11) and Karan and
Macey (42).
Permeability and turnover number estimates

Despite the discrepancies in the estimates on Vmax and Km

among the published articles (1,11,12,42,49), the limiting
permeability P0 (Vmax/Km) was of the same order of magni-
tude (~2 � 10�4 cm s�1 at 25�C) due to a similar difference
in the estimates of both parameters, but with the same ratio.
This similarity of P0 values suggests that shrinking the
cells for the NMR experiments did not affect the ex-
change kinetics. We calculated P0 from the equilibrium-
exchange apparent Michaelis constants and estimated it to
be higher than the previous values, i.e., between 6.5 and
9.0 � 10�3 cm s�1.

In addition, the turnover number of each transport protein
can be calculated from Eqs. 13–15 using the numerical
values of the various cytological parameters for the RBCs
used in the experiment. Thus the turnover per active site
was estimated to be ~10,000 s�1 for the ~14,000 (15) trans-
porters per RBC. This is a useful value for modeling urea
exchange in other cell types, provided an estimate of the
number of urea transporters per cell is available because
the turnover numbers of various transporter isoforms are
likely be similar.
CONCLUSIONS

We used the high polarization level achievable with the
RD-DNP technique to study the permeability of erythro-
cytes to 13C-urea, on the 1-s to 2-min timescale. By taking
into account the different physical and chemical parame-
ters involved in the 13C NMR signal evolution, we were
able to fit the 13C NMR spectral data and interpret the
kinetic parameters in terms of a mechanistic model of
the transport protein. We demonstrated that the addition
of a high concentration of urea inhibits its own transport.
The estimates of the kinetic parameters in some cases
agreed with those already in the literature, obtained with
other methods and under different experimental conditions.
New estimates of values of the kinetic constants and the
mechanistic model can now be used to investigate the
distribution of 13C-urea in blood in vivo and, potentially,
when other tissues are studied in a similar way, the
whole body.
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