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and that the fitnesses of later backcrosses con-
verge geometrically on 1 at a rate of 1/2 per sexual
generation (year). Using parameter values suggest-
ed for Daphnia (46) (s = 0.14 and h = 0.3) and
setting i, = i, = 55 to give an F, fitness similar to
what we observed, we obtain m*(2) = 35.7m,
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m*(3) = 234m, and m*(») = 6703m. Lower values
of m*, but still substantially greater than 1, can be
obtained when i, and i, have more modest values.
Thus, hybrid vigor can make gene flow many times
stronger than would be predicted from the nominal
migration rate under these conditions.
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Systems Analysis of Ran
Transport

Alicia E. Smith, Boris M. Slepchenko,? James C. Schaff,?
Leslie M. Loew,? lan G. Macara™*

The separate components of nucleocytoplasmic transport have been well charac-
terized, including the key regulatory role of Ran, a guanine nucleotide triphos-
phatase. However, the overall system behavior in intact cells is difficult to analyze
because the dynamics of these components are interdependent. We used a com-
bined experimental and computational approach to study Ran transport in vivo. The
resulting model provides the first quantitative picture of Ran flux between the
nuclear and cytoplasmic compartments in eukaryotic cells. The model predicts
that the Ran exchange factor RCC1, and not the flux capacity of the nuclear pore
complex (NPC), is the crucial regulator of steady-state flux across the NPC.
Moreover, it provides the first estimate of the total in vivo flux (520 molecules
per NPC per second and predicts that the transport system is robust.

In vitro studies of nucleocytoplasmic trans-
port estimate a maximum rate of ~10° trans-
location events NPC™! s™! ([). In the intact
cell, however, steady-state flux rates might be
a fraction of this value. To determine what
factors contribute most toward the overall
regulation of flux, we needed to integrate at a
systems level the data for all the independent
transport steps. This process required compu-
tational analysis. Cargo is shuttled through
the NPC as a cargo-carrier complex, and a
lower limit for cargo flux can be approximat-
ed if the steady-state flux of Ran is known,
because at least one molecule of Ran is trans-
located in each direction for each complete
cycle of carrier and cargo transport. We
therefore used experimental and computa-
tional methods to estimate the steady-state
flux rate for Ran in intact cells and to identify
factors that most contribute to the global
regulation of Ran transport.

We constructed a mathematical model of
the Ran transport system in a mammalian cell
using a modeling program called Virtual Cell
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(2, 3). Biochemical reactions were localized
in two subcellular compartments (cytosol and
the nucleus), and flux rates between the com-
partments were calculated as the product of a
permeability constant and the concentration
difference across the nuclear envelope, de-
scribing facilitated diffusion by the transport
carriers. Passive diffusion of Ran through the
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NPC was also incorporated. For the Ran
transport cycle, reported data constrained the
parameter values of reversible binding inter-
actions and enzyme-mediated reactions (4—
10) [Web table 1 and Web fig. 1 (11)]. All
simulation results were obtained with the
same parameter set, except where explicitly
indicated.

For visualization of Ran import into the
intact cell, the recombinant protein was mod-
ified with a fluorescent maleimide and was
determined by several criteria to be function-
al [Web fig. 2 (11)]. This tagged Ran species
(FL-Ran) in the model allowed direct com-
parisons of the simulation and experimental
results. FL-Ran was injected into the cytosol
of BHK-21 cells and imaged (at 0.5-s inter-
vals) until nuclear accumulation reached a
steady state (Fig. 1A) (/2). Nuclear fluores-
cence intensities were converted to units of
concentration by comparison to known stan-
dards (/2). Import occurred with single ex-
ponential kinetics and reached a steady state
within 12 to 30 s (at 23°C) (Fig. 1B) [Web
fig. 3A (11)].

We also used a mutant species
[Ran(T24N)], which is defective in binding
to nuclear transport factor 2 (NTF2), the Ran

g 5
- 4 =
ks 1; 41FL Ran(v:E.).m_,.-
S 4o 37 -
d8E ] &
5 9 21
= g .
o 11« FL-Ran(T24N)
3] 01 “ uo.,,grn,ugﬂ"’"'“'“

0 5 10 15
Time (s)

Nuclear
Fluorescence

0 T T T T 1
0 2 4 &6 8 10
Bleach number

Fig. 1. Nucleocytoplasmic transport of FL-Ran in vivo. (A) Nuclear accumulation of FL-Ran in
BHK-21 cells after cytosolic injection. (B) Comparison of time courses of nuclear accumulation for
wild-type FL-Ran (initial cytosolic concentration = 7.8 uM) and T24N (initial cytosolic concen-
tration = 9.0 pM). (C) Fluorescence loss in photobleaching on FL-Ran at steady state in
microinjected BHK-21 cells. Graph shows remaining nuclear fluorescence intensity after each
photobleaching cycle.

18 JANUARY 2002 VOL 295 SCIENCE www.sciencemag.org



import carrier (4, 13, 14). The rate of nuclear
accumulation of FL-Ran(T24N) was <4%
that of wild-type FL-Ran (Fig. 1B) and was
similar to the rate of diffusion of green fluo-
rescent protein (GFP) into the nucleus (15,
16). Therefore, passive diffusion makes little
contribution to the net flux of Ran through
the NPCs of the intact cell.

To test whether all Ran molecules shuttle,
we quantified the decrease in nuclear fluores-
cence intensity of FL-Ran at steady state after
photobleaching part of the cytosol (11, 17).
Repeated bleaching of the cytosol caused al-
most complete loss of fluorescence in the
nuclear compartment, indicating that most

A

REPORTS

nuclear Ran shuttles (Fig. 1C) [Web fig. 3B
(D]

Virtual Cell can use three-dimensional
(3D) geometry from an experimental image
in spatial simulations (2). In our 3D simula-
tions (/8), microinjection is modeled as a
brief (0.4 s), localized increase of the cytoso-
lic FL-Ran concentration. The 3D simulation
results resemble the experimental FL-Ran nu-
clear import and diffusion through the cytosol
(Fig. 2A). A steep Ran guanosine triphos-
phate (GTP) gradient across the nuclear-cy-
toplasmic boundary is generated in the sim-
ulation, where 99.9% of free RanGTP is nu-
clear (Fig. 2B). Furthermore, the model pre-

B 3D-Simulated localization
Carrier:RanGTP: 6 um
RanBP1

30um
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Fig. 2. Nuclear transport of FL-Ran in three
dimensions. (A) Ran transport is compared
in a time series for an FL-Ran nuclear import
initial cytosolic concentration of ~1 pM
(grayscale) and for a sample plane from a 3D
spatial model of Ran transport that simu-
lates the cytosolic microinjection of ~1 pM
FL-Ran (pseudocolor). (B) Steady-state local-
ization of the carrier:RanGTP:BP1 (top) com-
plex and free RanGTP (bottom). (C) The
import rates for experimental FL-Ran (solid
squares) and simulated FL-Ran (open
squares) were determined for a range of
initial cytosolic concentrations. NTF2 con-
centration was 1.5 wM in simulations.

dicts that a cytosolic concentration gradient
of RanGTP complexed to carrier and to Ran-
binding protein 1 (RanBP1) is established at
steady state (Fig. 2B).

Whereas the spatial approximation is
computationally intensive (taking ~4.5 hours
of CPU time per simulation), in compartmen-
tal approximations, spatial diffusional gradi-
ents are not calculated (/9), reducing compu-
tation time to 1 s of CPU time per simulation.
Results obtained by both methods were sim-
ilar, indicating that spatial diffusional gradi-
ents do not substantially affect Ran transport.

Using compartmental approximations, the
initial rates of FL-Ran import were calculated
from time courses for simulated cytosolic
microinjections, and the initial conditions of
all other variables represented steady-state
values. The simulated maximum import rate
(¥ nax) Of 120 molecules NPC~! s™! closely
matched the experimental ¥, which satu-
rated at ~120 molecules NPC™! s~! (at
23°C), assuming 3000 pores per nuclear en-
velope (20), with a concentration at ~¥max
(K,,,) of ~2.0 pM (Fig. 2C). Moreover,
model results were equivalent when a diffu-
sive leak across the nuclear-cytoplasmic
boundary of free Ran and FL-Ran was in-
cluded (for FL-Ran <20 uM) (16).

In the model, release of 1 uM FL-Ran into
the cytosol caused small sustained decreases
in the concentrations of the carrier:RanGTP
complex, and it caused transient decreases of .
NTF2:Ran guanosine diphosphate (GDP) and
RanGDP (Fig. 3A). In contrast, nuclear con-
centrations of RanGTP, carrier, and NTF2
remained virtually unchanged (Fig. 3A).
These observations highlight the robust qual-
ity of the model, because the Ran gradient
across the nuclear-cytoplasmic boundary is
buffered in response to perturbations.

We studied sensitivity of Ran flux to the
model parameters by varying them over a wide
range, one by one, while holding others at their
nominal values. The Ran exchange factor
RCC1 was most responsible for controlling
steady-state flux rates in the system, whereas
changes in the concentration of NTF2 or the
permeability constant of NTF2:RanGDP had
less effect (Fig. 3B, left panel). Other parame-
ters—RanBP1, carrier concentrations, the per-
meability constant of carrier:RanGTP, and
RanGAP (RanGTPase activating protein)
(Fig. 3B, right panel)}—had an effect only
when their values were reduced by >90%.
Thus, changes in RCC1 activity in vivo are
predicted to have a predominant effect on
steady-state Ran flux through the NPC.

To examine the effects of transport factors
on the initial rate of Ran import, we increased
the cellular concentrations of NTF2, RanBP1,
or RanGAP or decreased the cellular concen-
trations of RCC1, both experimentally and
within the mathematical model. This helped
us to evaluate the underlying hypothesis that

18 JANUARY 2002



490

REPORTS

1} o RanBP1
A 1o * RCC1
o NTF2 A RanGAP
g 11 _ \ Carr;er N Permeability x Carrier
T = 10 Carrier:RanGTP 2 NTF2 :RanGDP Permeability
o §_ 2 M ® Carrier:RanGTP:
I, B . RanBP1
k1.5 !
] 1 i
g ———— NTF2:RanGDP L] ; .
0 J NTF2 9 | i
o _ A1 AT L .
1 % 50 o i ;
8= —\_———— RanGDP g : :
v 25 00.5 | ;
3 . = : :
= RanGTP ! :
I 0} L ) . :
-10 0 10 20 30 0.1 1 10 0.01 0.1 1 10

Time (s)

Fig. 3. Analysis of compartmental model for Ran transport. (A) Transients
for simulated endogenous nuclear species concentrations were followed
over time during recovery from the addition of 1 wM FL-Ran to the
cytosolic compartment. (B) Global steady-state sensitivity analysis.
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Fig. 4. Saturable and NTF2-dependent import rates of FL-Ran in vivo and in silico. (A) Top panel,
experimental FL-Ran import in BHK-21 cells preinjected with NTF2 (solid triangles, 3.5 wM),
RanBP1 (plus signs, 3.0 uM), or RanGAP (solid circles, 0.5 uM) was compared to simulated FL-Ran
import with wild type (open squares) or increased amounts of NTF2 (open triangles, 4.0 uM). Lower
panel, FL-Ran import rates were measured in temperature-shifted tsBN2 cells (solid diamonds) and
compared with simulations with reduced RCC1 (open diamonds, 0.004 pM). (B) Time courses
(upper panel) for nuclear accumulation of 1.2 uM FL-Ran in a temperature-shifted tsBN2 cell (snlid
diamonds) and BHK-21 cell (solid squares) was compared to a time course (lower panel) of
simulated microinjection of 1.2 uM FL-Ran in shifted tsBN2 cell (open diamonds) and wild-type cell

(open squares).

dictates how the molecules in our system are
related and to test the predictive power of our
model.

BHK-21 cells were preinjected with
NTF2 (21) and the injection-marker GFP.
After incubation (at 37°C for 1 hour) to allow

recovery and establish steady state, FL-Ran
was injected into the cytosol of the GFP-
marked cells, and initial rates of import and
steady-state distribution of FL-Ran were de-
termined. Addition of exogenous NTF2 in-
creased the steady-state nuclear-cytoplasmic

Steady-state flux across the nucleocytoplasmic boundary was measured
as individual parameters were changed independently over a 2 to 3 log
scale. Normalized results are graphed such that (1, 1) indicates the
nominal parameter set.

ratio (N/C) for FL-Ran from ~4.0 to ~6.0
[Web fig. 4 and Web table 2 (/7)], and the
initial import rate saturated at a higher V', ,
as predicted by the model (366 molecules
NPC~! s~ 1) (Fig. 4A, top) [Web table 3
(11)]. Thus, in BHK-21 cells, the initial rate
of FL-Ran import is limited by NTF2 avail-
ability and not by the flux capacity of the
NPC. As further predicted by the model, the
initial rate of Ran import in vivo was unaf-
fected by increases in the levels of RanBP1
(22) or RanGAP (Fig. 4A, top).

When the concentration of RCC1 in the
model was reduced by 99%, both the N/C
ratio and the steady-state flux were reduced
[Web tables 2 and 3 (/1)]. However, this
decrease in concentration of RCC1 caused
only a small decrease in the initial rate of
FL-Ran import in the model (Fig. 4). Ex-
perimentally, endogenous RCC1 can be re-
duced by warming tsBN2 cells (to 39.5°C),
which contain a temperature-sensitive
RCCI1 allele (23, 24). We measured FL-
Ran import in temperature-shifted (at
39.5°C for 4 hours) tsBN2 cells with a
preinjected mixture of Ran(T24N) and
RanGAP, which further reduced the
amount of nuclear RanGTP (Fig. 4B, top)
(23, 25). Although net nuclear accumula-
tion was severely compromised under these
conditions (Fig. 4B) [Web fig. 4 (11)], the
initial rate of import was not altered (Fig.
4A). Thus, the simulation supports the find-
ing that RCC1 depletion has only a weak
effect on the initial rate of Ran import.

Our data demonstrate the value of the
computational approach in understanding the
global regulation of a compartmental trans-
port process. The model provides an estimate
for the steady-state, bidirectional flux of en-
dogenous Ran in the intact cell, of 260 mol-
ecules NPC~! s7! [Web table 3 (/1)]. Be-
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cause one NTF2 and one carrier must trans-
locate through the NPC for each Ran cycle,
the estimated minimal value for traffic
through the pore is ~520 molecules NPC ™!
s~! (at 23°C).

Several predictions result from the mod-
el: (i) Ran transport is robust, suggesting
that fluctuations in concentrations of trans-
port factors can be tolerated without cata-
strophic cellular effects. (ii) Modulation of
RCC1 activity may be a relevant mecha-
nism for the regulation of flux in vivo. (iii)
Our calculated flux rate is lower than the
measured maximum transport rate in vitro
(1), suggesting that NPC permeability is
not rate-limiting within intact cells. (iv)
Simulations indicate that the free RanGTP
concentration is orders of magnitude lower
than the dissociation constant for Ran bind-
ing to several importins (26). This suggests
that our understanding of import complex
disassembly is incomplete and that addi-
tional factors may be essential in vivo for
cargo unloading from certain importins
(27). (v) The model confirms that a steep
RanGTP gradient exists across the NPC
(the free RanGTP N/C ratio is ~500). (vi)
The spatial simulations predict that steady-
state cytosolic gradients also exist, likely
maintained by RanGAP activity toward the
RanGTP exiting the nucleus. We speculate
that such gradients could provide positional
information on the location of the nucleus
in the cell.
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Modulation of NMDA Receptor-
Dependent Calcium Influx and
Gene Expression Through EphB

Receptors
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Protein-protein interactions and calcium entry through the N-methyl-D-aspar-
tate (NMDA)-type glutamate receptor regulate synaptic development and
plasticity in the central nervous system. The EphB receptor tyrosine kinases are
localized at excitatory synapses where they cluster and associate with NMDA
receptors. We identified a mechanism whereby EphBs modulate NMDA receptor
function. EphrinB2 activation of EphB in primary cortical neurons potentiates
NMDA receptor—dependent influx of calcium. Treatment of cells with ephrinB2
led to NMDA receptor tyrosine phosphorylation through activation of the Src
family of tyrosine kinases. These ephrinB2-dependent events result in enhanced
NMDA receptor-dependent gene expression. Our findings indicate that eph-
rinB2 stimulation of EphB modulates the functional consequences of NMDA
receptor activation and suggest a mechanism whereby activity-independent
and activity-dependent signals converge to regulate the development and

remodeling of synaptic connections.

During the development of the central ner-
vous system, patterned neuronal activity
drives the specification and maturation of
synaptic connections (/, 2). The NMDA-type
excitatory glutamate receptor regulates these
activity-dependent processes in part by con-
trolling the entry of Ca2™ into neurons, which
then activates signaling pathways that orches-
trate neuronal development (3). Prior to the
development of synapses, young neurons dif-
ferentiate and begin the process of axon
growth and guidance by a mechanism that is
largely independent of neuronal activity (4).
The molecular mechanisms that allow activ-

ity-dependent processes to build upon activ-
ity-independent cues are not clear.

The ephrins and their receptors, the Eph
tyrosine kinases, are cell-surface proteins that
play a role in mediating the initial interaction
between axons and dendrites as well as other
activity-independent processes during neural
development (5, 6). The Eph receptor pro-
teins are classified into the EphA and EphB
families on the basis of their preference for
binding of glycosyl-phosphatidylinositol-
linked ephrinA ligands or transmembrane
ephrinB ligands, respectively. At the time of
synaptogenesis, EphBs are localized to the
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