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ABSTRACT: Cells are crowded with macromolecules, yet most biophysical information about proteins is
obtained in dilute solution. To determine the impact of this dichotomy, we used nuclear magnetic resonance
spectroscopy to measure the backbone15N T1 andT2 relaxation times and the{1H}-15N nuclear Overhauser
enhancement (nOe) of uniformly15N-enriched apocytochromeb5 in living Escherichia coliand in dilute
solution. These data allowed us to assess the backbone dynamics of this partially folded protein in cells
and in dilute solution. The two data sets were analyzed by using the model-free approach. Transfer from
dilute solution to the cytosol has a quantitative effect onT1, T2, and nOe values. Most of the effects are
attributed to an increase in the overall correlation time, caused by the increased viscosity of the cytosol
compared to that of the dilute solution. Our main conclusion is that the cytosol does not alter the pattern
of backbone dynamics of apocytochromeb5. Increases in the time scale of both the picosecond and
millisecond motions are observed, but the increases are less than∼30%.

Proteins catalyze nearly all of a cell’s chemical reactions,
and they do so under tightly packed conditions. The cytosol
is extremely crowded, in large part because of proteins
themselves occupying 40% of a cell’s volume and reaching
concentrations of>300 g/L (1). Such macromolecular
crowding can affect protein structure (2, 3), association (4),
and stability (5), yet almost all biophysical studies of proteins
are performed in dilute solution. In recent years, in-cell NMR
spectroscopy (6, 7) has opened the door to atomic-level
studies of protein chemistry under conditions close to
physiological.

We reported the first measurements of fast backbone
dynamics in living cells based on the{1H}-15N nuclear
Overhauser enhancement (nOe)1 experiment (8). These data
show that the average structure of the test protein, apocy-
tochromeb5, does not change when it is transferred from a
dilute solution to the cytosol ofEscherichia coliand that
the picosecond to nanosecond backbone dynamics are similar
in dilute solution and in cells. A complete study of fast

dynamics, however, requires additional measurements. Here,
15N T1 andT2 relaxation times are reported both in cells and
in dilute solution. These data are combined with the nOe
data to provide a more complete picture. In the remainder
of the introductory section, we describe three subjects:
apocytochromeb5, NMR-detected fast backbone dynamics,
and analysis of these data.

Removing the noncovalently bound heme from the 98-
residue water-soluble domain of cytochromeb5 produces
apocytochromeb5. In solution, this 11.2 kDa globular protein
(Figure 1) is disordered at the termini and in the heme-
binding loop (9). We chose apocytochromeb5 for studies
of in-cell protein dynamics for two reasons. First, its
structure, as described by1H and 15N chemical shifts,
does not change when it is transferred from dilute solution
to the inside of cells (8). Second, its partially folded nature
provides a rich landscape of backbone dynamics that has
already been extensively studied in dilute solution with NMR
(10, 11).

The major mechanisms that allow15N magnetic relaxation
are the dipolar coupling of the15N nucleus to its bound1H
and the15N chemical shift anisotropy (due to the unsym-
metrical electron distribution in the H-N bond) (12). This
relaxation occurs because molecular motions generate local
magnetic fields at appropriate frequencies. The longitudinal
(T1) relaxation time and the{1H}-15N nOe are affected by
fast, picosecond to nanosecond, motions. Both fast and
slower motions can be investigated by measuring the
transverse (T2) relaxation time of the15N nucleus.
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The spectral density function,J(ω), describes the prob-
ability of finding a component of the molecule’s motions at
a specific frequency,ω (13). Equations 1-3 describe the
linear combinations of frequency distributions required for
15N relaxation (13).

wherec2 ) (∆σωN/x3)2, d2 ) ([µ0γHγNh/(8π2)]〈rNH
-3〉)2, ∆σ

is the chemical shift anisotropy (160 ppm),µ0 is the
permeability of free space,γH andγN are the gyromagnetic
ratios for 1H and 15N, respectively,h is Planck’s constant,
and rNH is the internuclear1H-15N distance (1.02 Å).

The longitudinal relaxation and the{1H}-15N nOe depend
on motions with components at the high Larmor frequencies
of 1H (ωH) and 15N (ωN) nuclei, which in turn depend on
the applied static magnetic field,B0. These frequencies are
in the megahertz range. TheJ(0) and Rex terms in the
equation for T2 indicate additional sensitivity to slower
motions. The difference betweenJ(0) andJ(ωN) becomes
increasingly pronounced when the molecular tumbling cor-
relation time increases above a few nanoseconds, and when
Rex contributes toT2 via chemical-exchange processes on
the microsecond to millisecond time scale (11, 13).

Lipari and Szabo (14, 15) introduced a “model-free”
analysis that assumes a simple Lorentzian form for the
spectral density functionJ(ω) and allows separation of
internal motions from overall tumbling. The model-free
analysis relates the spectral density to the square of an order

parameter,S2, and an internal effective correlation time,τe:

where 1/τ ) 1/τe + 1/τm, τe measures the time scale of the
internal motion, andτm is the overall rotational correlation
time for isotropic tumbling (14, 15).

S2, which varies between 0 and 1, indicates the restriction
of the motion experienced by a1H-15N vector. AnS2 value
of 0 corresponds to unrestrained isotropic motion with
relaxation depending only onτe. An S2 value of 1 corresponds
to complete restriction with respect to the molecular frame,
which tumbles isotropically with the correlation time cor-
responding toτm. These are model-independent parameters,
but they can be used in conjunction with physical models,
such as the “wobble-in-a-cone” model (14).

Here, we compare the dynamics of apocytochromeb5 in
cells and in dilute solution to assess the influence of the
cytosol on these fundamental characteristics of the protein.

MATERIALS AND METHODS

NMR data were acquired at The UNC Biomolecular NMR
Laboratory at the University North Carolina on a Varian
INOVA spectrometer operating at a1H frequency of 700
MHz. For in-cell experiments, the sample comprised 90%
cell slurry and 10%2H2O (99.9%2H). For dilute solution
experiments, the sample comprised pure15N-enriched apo-
cytochrome b5 (∼0.5 mM) in 50 mM ionic strength
phosphate buffer (pH 7.0) with 10%2H2O. Further details
about the{1H}-15N nOe experiments, sample preparation,
determining cell survival, and determining the location of
apocytochromeb5 in the in-cell samples are given in our
previous work (8).

T2 Experiments. In-cell 15N relaxation measurements were
conducted on the 700 MHz Varian spectrometer using a
conventional probe. The dilute solution15N relaxation
measurements were carried out on this same instrument with
a cryogenic probe. The Varian Bio-pack gNhsqc pulse
sequence was used to obtain1H-15N HSQC spectra (16-
18). The pulse sequence uses gradient selection and leads to
minimal water saturation. Spectra were acquired in an
interleaved fashion withT2 relaxation time delays of 0.03,
0.05, 0.09, 0.11, or 0.15 s in random order. To allow the
calculation of standard errors, data for each delay time were
collected in triplicate.

The total acquisition time for each dilute solution experi-
ment was approximately 14 h. Three 14 h experiments were
performed to obtain three independent trials for each of the
five delays. The same sample was used for all three dilute
solution experiments.

The acquisition time for in-cell experiments was limited
to ensure cell viability at the end of each experiment. This
regimen requires the use of multiple independent in-cell
samples in acquiring the three replicates for each delay time.
Quantitative comparison between samples was facilitated by
adding a reference spectrum with a very short delay time to
each experiment. (Ideally, this reference spectrum would use
a 0-s delay time, but we had to use a delay of 0.01 s because
this is the shortest delay permitted by the software.) The
intensity of each cross-peak in the reference was then used

FIGURE 1: Apocytochromeb5 average NMR solution structure
(Protein Data Bank entry 1I87). The well-defined regions of the
average structure (10) are colored blue; the heme-binding loop is
at the top and colored yellow, and the disordered termini are colored
red. The rendering was made with MacPyMOL (31).
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to normalize the intensity of that cross-peak in the spectra
for the other delay times conducted on that sample prepara-
tion. The total acquisition time was approximately 47 h for
each in-cell experiment. Each experiment comprised two
spectra with different delay times and one reference spec-
trum. Nine 47-h in-cell experiments had to be performed to
obtain at least three normalized replicates for each of the
five delay times.

T1 Experiments. Both in-cell and dilute-solution15N
relaxation measurements were conducted on the 700 MHz
spectrometer equipped with a cryogenic probe. The Varian
Bio-pack gNhsqc pulse sequence was used to obtain1H-
15N HSQC spectra (16-18). The pulse sequence uses
gradient selection and leads to minimal water saturation.
Spectra were acquired in an interleaved fashion with varying
T1 relaxation time delays of 0.01, 0.05, 0.20, 0.50, 0.70, and
0.90 s in random order (with 0.01 s conducted as a reference
for the in-cell experiments). The regimen for these experi-
ments was similar to that described above for theT2

experiments, except that each in-cellT1 experiment (i.e., each
sample preparation) comprised a complete set of all delay
times and a reference.

Data Processing. The T1 andT2 data were processed by
first separating the interleaved data using a script written in
house. The data sets were then processed independently with
NMRPipe (19). NMRDraw (19) was used to visualize the
resulting two-dimensional spectra and analyze cross-peak
characteristics. These characteristics (i.e., location, intensity,
and width at half-height) were exported into SigmaPlot 8.0
(Systat Software, Inc.). For in-cell experiments, the cross-
peak intensities determined for the reference spectrum (0.01
s) were used to normalize the corresponding cross-peaks in
the other relaxation delay spectra collected for that sample
preparation. Dilute-solution data were not normalized.

T1. The cross-peak intensities were used to quantify the
relaxation time constant for each resolved apocytochrome
b5 cross-peak. The intensities for each residue were plotted
versus the relaxation delay time, and the data were fit to the
following single exponential with SigmaPlot 8.0:

whereIt is the normalized cross-peak intensity at timet, I0

is the intensity at time zero,R is the relaxation rate constant
(1/T1 or 1/T2), and t is the variable relaxation delay time.
The T1 values are the inverse of the weighted averageR1

values from the three trials (20). The uncertainty is reported
as the standard error (20).

T2. Unlike the in-cell T1 experiments, each in-cellT2

experiment did not contain a complete set of relaxation
delays; therefore, the averageT2 time constants and associ-
ated error were determined as follows. After the cross-peak
intensities in each spectrum were normalized, the experiments
were separated by relaxation delay, yielding three replicates
of each of the five variable delay times. To produce three
full sets of data, one value from each of the five delay times
was picked at random. These values were combined to
produce one full data set. The process was repeated with
the remaining data to produce three full data sets. Each five-
point data set was then fitted to the single exponential in eq
5 and processed as described for theT1 data sets.

RESULTS

Data Sets. T1, T2, and nOe data were obtained for 5715N-
1H pairs in cells and in dilute solution (pH 7.0 and 50 mM
phosphate buffer) at a field of 700 MHz and 25°C.
Uncertainties in these measurements were obtained by
repeating each experiment three times. Histograms of the
T1, T2, and nOe data along with their uncertainties are shown
in Figure 2. Tables of these data are provided as Supporting
Information. Fifty-six of the 5715N-1H pairs are common
to both the dilute-solution and in-cell data sets. Consistent
with our previous study (8), approximately 90% of the cells
were alive and approximately 90% of the apocytochromeb5

remained in the cytosol at the end of each experiment. Dilute-
solution T1 data for residues 17 and 82 were inexplicably
different from other values. These residues were excluded
from analysis.

Analysis of the Data Sets.relxn2.2 (21), which utilizes
eqs 1-3 and the standard model-free approach (eq 4) to
provide values ofτm, S2, τe, andRex, was used to analyze
the T1, T2, and nOe data along with their associated
uncertainties. The uncertainties inτm, S2, τe, andRex were
estimated by performing 150 steps of Monte Carlo simula-
tion.

The axially symmetric anisotropy of apocytochromeb5 in
solution, calculated on the basis of the NMR ensemble, is
1.2-1.3 (11). Complications caused by chemical exchange
prevented the application of anisotropic models, and isotropic
tumbling was assumed in the original dynamics study (11).
We make the same assumption because, as shown below,
we also observe exchange contributions in cells and in dilute
solution. Furthermore, it is unlikely that the shape of the
protein changes when it is transferred from dilute solution
to the inside of cells because the backbone chemical shifts
do not change (8).

FIGURE 2: Histograms of{1H}-15N nOe (a),T1 (b), andT2 (c) in
dilute solution (blue) and in livingE. coli (green).{1H}-15N nOe,
T1, andT2 values for apocytochromeb5 were acquired at 700 MHz
and 25°C. Points are the average of three measurements. Vertical
bars indicate one standard error. The numbering system is based
on the sequence of bovine cytochromeb5. The nOe data were first
published by Bryant et al. (8).

It ) I0e
-Rt (5)

NMR in Cells Biochemistry, Vol. 45, No. 33, 200610087



Estimatingτm. Much of apocytochromeb5 is known to
undergo chemical exchange in dilute solution (11). The
possible influence of exchange on theτm obtained from
relxn2.2 prompted us to examine the effect of using data
from different sets of residues to estimateτm. relxn2.2
estimates a globalτm by minimizing the error function for
S2 andτe over a series ofτm values (22).

The results of our analysis are shown in Table 1. The
values in the top row are from analysis of all the data.
Removing data from residues with large-amplitude internal
motions and those subject to chemical exchange using the
criteria of Tjandra et al. (23) gives the values in the second
row. Using the same residue set described in the original
dilute-solution analysis of apocytochromeb5 dynamics (11)
gives the values shown in the third row. Removing the data
for residues in the heme binding loop (residues 40-70) and
the termini (9) gives the values shown in the fourth row.
We also estimatedτm by removing data for the termini and
for residues with significantRex values. The identification
of residues with significantRex values was accomplished by
using theτm values from the first row and fitting the data to
a model that yieldsS2, τe, andRex [model 4 (24)]. Residues
with Rex values greater than 1 ms-1 were removed, and the
global τm values were determined again. These values are
shown in the bottom row of Table 1. Our analysis shows
that the choice of residues affectsτm with values ranging
from 8.7 to 9.6 ns in dilute solution and from 10.0 to 11.1
ns in cells. Even though the protein is partially folded, we
reach the same conclusion by applying a model that gives a
value ofτm, S2, andτe for each residue (data not shown).

The dilute-solutionτm values in Table 1 are greater than
the value of 5.5 ns from the original study of apocytochrome
b5 dynamics (11). To determine the source of this difference,
we analyzed the original data using relxn2.2 and the
conditions shown in Table 1. Values of between 7.1 and 7.2
ns were obtained. These values are closer to the original value
but still approximately 1.5 ns larger. The remaining differ-
ences are most likely due to the differences in data sets [two
fields in the original study (11) vs one here], pH [7.7 (11)
vs 7.0], buffer [none (11) vs 50 mM phosphate], and protein
concentration [1 mM (11) vs 0.5 mM].

In summary, the choice of residues affects the derived
value of τm, and our dilute-solutionτm values are greater
than the previously published value. Thus, theτm values used
here may be, to some extent, ad hoc indicators of the true
τm values. Despite these potential difficulties, inspection of
Table 1 shows that theτm in cells is always 1.2-2.0 ns
greater than the value in dilute solution.

Model-Free Analysis.We used theτm values from Table
1 along with theT1, T2, and nOe data to estimate valuesS2,
τe, andRex [model 4 (24)]. Histograms of theS2, τe, andRex

values calculated usingτm-derived values from all the data
(top row of Table 1) are shown in Figure 3. Histograms
obtained using theτm values from the bottom row of Table
1 are shown in Figure 4. Tables of these data are provided
as Supporting Information. Typical back-calculatedT1, T2,
and nOe values differ from the experimentally determined
values by less than 10%. Despite the small back-calculated
errors, the model was unable to provide reasonable parameter
values (i.e., negativeS2 values or uncertainties much larger
than the value) for some residues. For the histograms in
Figure 3, this list comprises residues 13, 25, 73, 74, 76, and
80 in cells and for residue 80 in dilute solution. For the
histograms in Figure 4, the list comprises residues 17, 73,
and 80 in cells.

To determine if chemical exchange affectsS2 andτe, we
discarded theT2 data and used theT1 and nOe data along
with theτm values in Table 1 to estimateS2 andτe [model 2
(24)]. Histograms obtained using theτm values from the top
and bottom rows of Table 1 are provided as Supporting
Information. Tables of these values are also provided as
Supporting Information. Typical back-calculatedT1, T2, and
nOe values differed from the experimentally determined
values by much less than 10%. The model was unable to
provide reasonable parameter values for certain residues. For
the in-cell data fit with aτm of 10.9 ns, this list comprises
residues 8, 13, 23, 25, 35, 73, 74, 76, 78, 80, and 82. For
the dilute-solution data fit with aτm of 10.0 ns, this list
comprises residue 80. For the in-cell data fit with aτm of
10.0 ns, this list comprises residues 73 and 80.

Table 1: τm Values

τm (ns)

residues removed dilute solution cells

none 9.6 10.9
those with large-amplitude motions

and exchange contributionsa
9.1 11.1

same as the original studyb 9.6 10.9
termini and heme binding loopc 9.3 10.5
termini and residues with

exchange contributionsc
8.7 10.0

a Using the criteria of Tjandra et al. (23). b From Bhattacharya (11).
c See the text.

FIGURE 3: Histograms ofS2, τe, andRex with their uncertainties in
dilute solution (blue;τm ) 9.6 ns) and in cells (green;τm ) 10.9
ns) from fitting theT1, T2, and nOe data. The numbering system is
based on the sequence of bovine cytochromeb5. Approximate
locations of several elements of secondary structure (9) are shown
below the top panel (gray forâ-strand, black forR-helix, and red
for heme-binding loop).
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DISCUSSION

Before analysis of theT1, T2, and nOe data shown in Figure
2, it was important to determine if the measured values are
quantitatively different in cells versus dilute solution. In our
54-residue data set, 39 nOe values, 43T1 values, and 51T2

values change by more than the quadratic sum of their
respective uncertainties (20) when the sample is transferred
from dilute solution to the cytosol. This observation means
that further analysis to uncover the source of these differences
is warranted.

The Cytosol Is More Viscous than Dilute Solution.
Comparing pairs ofτm values from Table 1 shows that
transfer of the protein into cells increasesτm by ap-
proximately 10%. This observation is consistent with inspec-
tion of Figure 2, which shows that nearly all the in-cellT1

values are greater than their respective dilute-solution values.
Using the Stokes-Einstein equation, we conclude that the
cytosol is approximately 10% more viscous than water. This
increase is consistent with a study showing that viscosity is
no more than doubled in cells compared to that in dilute
solution (25). As discussed below, this increased viscosity
accounts for most of the differences in dynamic behavior.

No Effect on the Amplitude of Picosecond to Nanosecond
Backbone Motion.Figures 3 and 4 show histograms ofS2,
τe, andRex in cells (green) and in dilute solution (blue).S2,
τe, andRex were determined by using theτm values from the
top (Figure 3) and bottom (Figure 4) rows of Table 1. The
horizontal bars below the top panel delineate the secondary
structural features of the protein (9). The average values of
S2, τe, andRex for the six panels in Figures 3 and 4, along
with their respective average standard deviations, are listed
in Table 2.

The top panels of Figures 3 and 4 showS2, the amplitude
of the fast motions. As observed in the original study (11),
the regions ofR-helix andâ-sheet tend to exhibit some of

the largest values, while the termini and the C-terminal
portion of the heme-binding loop exhibit smaller values.
These patterns are independent of the large chemical-
exchange contribution toT2 (ref 11 and vide infra) because
we observe exactly the same patterns if we delete theT2

data and fit theT1 and nOe data to a model that yields only
S2 andτe (see the Supporting Information).

Most importantly, the pattern ofS2 values (Figures 3 and
4) is the same in dilute solution and in cells. As shown in
Table 2, the average values ofS2 are also the same to within
the measured uncertainty. The fact thatS2 is independent of
viscosity shows that the internal motions being probed are
independent of the overall molecular tumbling. We conclude
that the transfer of the protein from dilute solution into the
cytosol does not change the amplitude of picosecond to
nanosecond backbone dynamics. This lack of change was
also observed in a study of the cold shock protein in the
presence of the small molecule crowding agent, ethylene
glycol (26).

The Cytosol Slightly Increases the Time Scale of Pico-
second to Nanosecond Backbone Motions.The middle panels
of Figures 3 and 4 show histograms ofτe as a function of
residue number. The pattern of the dilute solution data shows
that the heme-binding loop exhibits motion on the time scale
of hundreds of picoseconds, while regions of defined
secondary structure tend to haveτe values of tens of
picoseconds. Both observations are consistent with the
original study (11).

Inspection of Figures 3 and 4 shows that transferring the
protein into cells has an only small effect onτe in the heme-
binding loop and at the termini, but there is a general increase
in τe outside these regions. The data in Table 2 indicate an
average increase inτe of 10-30%. Deeper analysis of these
data is not warranted for several reasons. First,τe is not as
well determined asS2 when data from only one magnetic
field strength are used (27). Second, the increase inτe outside
the loop and termini is diminished when we use smallerτm

values (compare Figures 3 and 4). Additionally,τe is sensitive
to errors inτm and anisotropy effects.

We conclude that transfer into cells does not affectτe in
less structured regions but slightly increases the value in
regions of defined secondary structure. The most straight-
forward interpretation for the slight increase is that these
internal motions are affected by viscosity in the same way
as overall tumbling (τm, vide supra) is affected by viscosity.

The Cytosol Slightly Lengthens the Time Scale of Micro-
second to Millisecond Motions.The bottom panels of Figures
3 and 4 show histograms ofRex as a function of residue
number. Consistent with the original study of apocytochrome

FIGURE 4: Histograms ofS2, τe, andRex with their uncertainties in
dilute solution (blue;τm ) 8.7 ns) and in cells (green;τm ) 10.0
ns) from fitting theT1, T2, and nOe data. The numbering system is
based on the sequence of bovine cytochromeb5.

Table 2: Average Dynamic Parameters with Average Standard
Deviations from Model-Free Analysis ofT1, T2, and nOe Data
Using τm Values from Table 1

dilute solution cells

τm (ns) 9.6 10.9
S2 0.71( 0.01 0.74( 0.03
τe (ps) 460( 40 600( 60
Rex (s-1) 1.1( 0.1 1.7( 0.2

τm (ns) 8.7 10.0
S2 0.73( 0.01 0.73( 0.01
τe (ps) 260( 10 330( 40
Rex (s-1) 1.7( 0.1 2.3( 0.2
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b5 dynamics (11), residues undergoing chemical exchange
are observed throughout the protein. Transfer into the cytosol
does not affect the pattern ofRex values, but as shown in
Table 2, the average value ofRex increases when the protein
is transferred into cells. The observation that transfer to the
cytosol does not dampen slower dynamic processes is
consistent with the observation that the crowded environment
in cells does not lead to the formation of additional stable
structure in apocytochromeb5 (8).

Deeper analysis is not warranted becauseRex is calculated
as a “fudge factor” to bringT2 values in line withS2 andτe.
More detailed information about the cytosol’s effect on
slower motions will require the application of direct methods
such as those involvingR1F- or CPMG-based experiments
(28, 29). In-cell relaxation studies, however, will be limited
by practical considerations such as cell viability. Although
the full complement of experiments typically used to
characterize local motions and slow processes was not
performed, our semiquantitative analysis, assuming a con-
servation of anisotropic properties, does not reveal a large
influence of the cellular milieu.

Summary and Implications.Transfer to the cytosol has a
quantitative effect onT1, T2, and the nOe of apocytochrome
b5. Almost all these changes can be attributed to an increase
in the overall correlation time caused by the increased
viscosity of the cytosol compared to that of dilute solution.
Our main conclusion is that the cytosol does not alter the
pattern of backbone dynamics of apocytochromeb5. We do
observe quantitative increases in the time scale of both the
picosecond and millisecond motions, but the increases are
less than∼30%.

Our system for studying backbone dynamics requires
overexpression of a recombinant protein inE. coli, which
leads to questions about the physiological significance of
our conclusions. We estimate that the intracellular concentra-
tion of apocytochromeb5 is in the millimolar range, which
is approximately 100 times the concentration of the most
abundantly expressed soluble protein in wild-typeE. coli
cells (30). Nevertheless, there are three reasons to believe
our conclusions are physiologically relevant and generally
applicable. First, overexpression does not alter the total
cellular protein concentration (2). Second, any other (un-
known) effects of overexpression are seemingly irrelevant
because we observe no change in the pattern of dynamic
behavior. Third, using apocytochromeb5 allowed us to assess
backbone dynamics over a broad time scale, from picosec-
onds to milliseconds.
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