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ABSTRACT: A protein’s structure is most often used to explain its function, but function also depends on
dynamics. To date, protein dynamics have been studied only in vitro under dilute solution conditions
where solute concentrations are typically less than 10 g/L, yet proteins function in a crowded environment
where the solute concentration can exceed 400 g/L. Does the intracellular environment affect protein
dynamics? The answer will help in assessing the biological significance of the NMR-derived dynamics
data collected to date. We investigated fast protein dynamics inside EB8oberichia coliby using in-

cell NMR. The backbone dynamics of apocytochroimewere quantified using'H}—1°N nuclear
Overhauser effect (nOe) measurements, which characterize motions on the pico- to nanosecond time scale.
The overall trend of backbone dynamics remains the same in cells. Some of the nOe values differ, but
most of the differences track the increased intracellular viscosity rather than a change in dynamics.
Therefore, it appears that dilute solution steady-stét —1°N nOe measurements provide biologically
relevant information about pico- to nanosecond backbone motion in proteins.

Understanding protein dynamics is critical to understand- be quantified using nuclear magnetic resonance spectroscopy
ing the motions that allow proteins to function. Motions on (NMR)* by making®®N relaxation measurements. Specifi-
the pico- to nanosecond time scale provide key information cally, steady-statg'H} —**N nuclear Overhauser effect (nOe)
about the ensemble of protein conformations present undermeasurements provide information about the pico- to nano-
a given set of conditionslf. Protein backbone motions can second time scale motions experienced by individual back-
bone amide’>N nuclei ). To date,*>N relaxation studies
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Ficure 1: NMR structure of apocytochront® in dilute solution

(9). Colors indicate increases (cyan), decreases (red), and no chang
(green) in{H} —1°N nOe values in cells compared to the values
in dilute solution (gray, no data). The first four residues are not
observed in the solution structure.

protein stability 7). Does the intracellular environment affect
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slightly pink, as reported previousil§). The supernatant
was decanted and saved. Gentle agitation with 1.0 mL of
this ice-cold spent medium was used to resuspend the cells.
A sample of 90% cell slurry and 10%i,0 (99.9%?H) was
used. As shown by plating (see below), the cell concentration
in the NMR sample is~2 x 10° cells/mL. A reference
sample, for shimming the spectrometer before inserting the
in-cell sample, was prepared from 90% spent medium and
10% 2H,0. In-cell samples were stored on ice prior to
insertion into the spectrometer. The NMR experiments were
started within 1 h of thecells being harvested.

Protein Purification Apocytochromebs was purified as
described elsewheré& %) with a few modifications. Briefly,
thawed cell pellets from in-cell NMR experiments were
resuspended in a minimal volume of preparation buffer [50
M tris(hydroxymethyl)aminomethane hydrochloride and 1
mM ethylenediaminetetraacetic acid (pH 7.5)] supplemented
with 0.4 mM (final concentration) phenylmethanesulfonyl
fluoride. The cells were lysed by repeated sonication on ice
using a 10% duty cycle. The lysate was cleared by

fast backbone dynamics? The answer will help in assessingcentrifugation at~2900@ and 4°C for 45 min.

the biological significance of the vast amount of NMR-
derived protein dynamics data collected to date. Here we
assess fast protein dynamics in living cells with a new
technique, in-cell NMR.

We chose the apo form of the water-soluble domain o
rat microsomal cytochrombs, a small, soluble, and well-
characterized protein with both rigid and highly dynamic
regions 8). In dilute solution, the apo form of this 98-residue,
11.2 kDa electron transport protein exhibits reduced structure
and increased backbone dynamics because it lacks a hem
moiety @). In Figure 1, the lack of highly defined tertiary
structure in the heme-binding region and both termini is
represented in the averaged NMR struct@)ebfy stringlike
segments.

In-cell NMR allows for the investigation of proteins inside
living Escherichia coli(10). Until now, this technique has
mostly been used for qualitative analysts {0—14). Our
goal is to develop this technique so it will yield quantitative
information. In this work, the quantitative assessment of pico-
to nanosecond protein backbone dynamics in livingoli
is achieved with in-cell NMR. First, we investigate the
structure of apocytochromig in dilute solution and in living
cells. Then, we measure the backbone arfith} —'°N nOe
under both conditions and interpret the differences in terms
of changes in fast protein dynamics and viscosity inside the
cell.

f

EXPERIMENTAL PROCEDURES

In-Cell NMR SamplesThe expression system for cyto-
chromebs, pET3d€yth5), is described elsewheréf). The
plasmid was transformed int. coli strain BL21(DE3) Gold
(Stratagene). Twenty-five milliliters of saturated overnight
culture was used to inoculate 225 mL®l-enriched Martek
9-N medium (Spectra Stable Isotopes) supplemented with
ampicillin (100 ug/mL). After incubation fo 2 h at 37°C
with shaking, cytochrombs expression was induced with 1
mM (final concentration) isopropys-p-thiogalactopyrano-
side. The induced cells were harvested rafteén by gentle
centrifugation at~1600y and 4°C for 30 min. The system

Chromatography was performed on arKPA FPLC
system (Amersham Biosciences) &t@ The cleared lysate
was applied to an anion exchange chromatography column
(HiLoad 16/10 Q Sepharose High Performance, Amersham
Biosciences). Unbound material was eluted with 2 column
volumes of preparation buffer. Cytochromg(holo and apo)
was eluted with the same buffer by using a linear gradient
from 0 to 0.4 M NaCl over 20 column volumes. Fractions
with significant absorbance at 280 nm were visualized after
SDS-PAGE by staining with Coomassie Brilliant Blue.
Fractions containing only apocytochroni® (negligible
absorbance in the visible region) were pooled and subjected
to size exclusion chromatography (Superose 12 10/300 GL
Tricorn High Performance, Amersham Biosciences) and
eluted with 0.05 M ionic strength phosphate buffer (pH 7.0).
Pure apocytochromig was dialyzed against this same buffer
and concentrated te-0.5 mM. Molecular weight analysis
was performed on an aliquot of the in vitro NMR sample of
apocytochromds in the Michael Hooker Proteomics Core
Facility at the University of North Carolina. The calculated
and observed molecular mass for tll-enriched protein
is 11 345 Da.

In Vitro NMR SamplesPure'>N-enriched apocytochrome
bs (~0.5 mM) in phosphate buffer (pH 7.0) was used for
dilute solution experiments with 1091,0.

NMR. Experiments were conducted at 26 on Varian

Unity Inova spectrometers equipped with 5 nikh {3C/
N} X, Y, Z PFG triple-resonance probes with three-axis
gradients at The University of North Carolina Biomolecular
NMR Laboratory. Data were processed with NMRPipe and
analyzed with NMRDraw 16).

The in-cell'H—15N heteronuclear single-quantum coher-
ence (HSQC) X7, 18) spectrum of apocytochromnts was
acquired at a'H frequency of 500.213 MHz with aH
spectral width of 6999.738 Hz and'&N spectral width of
2100.0 Hz. The number of complex points collected,in
was 1024. One hundred sixty increments of 156 transients
each were acquired. The acquisition required approximately
15 h.

The in vitro 'H—'N HSQC spectrum was acquired at a

produces mostly the apoprotein, although the cell pellets are'H frequency of 699.777 MHz with & spectral width of
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Ficure 2: Apocytochroméds *H—15N HSQC spectra obtained . coli (A) and in dilute solution (B). Assignments are based on published
values 8, 15). 1°N-enriched cellular metabolites are circled in the in-cell spectrum. Cross-peaks for Serl8 and Ser85 are not visible in the
dilute solution spectrum because of their lower intensity. These cross-peaks are visible at a lower contour level, as shown in the box.

11 422.209 Hz and N spectral width of 2187.6 Hz. The  solution [0.5 mM apocytochromigs and 50 mM phosphate
number of complex points collected ta was 1024. One  buffer (pH 7.0)] is shown in Figure 2B. Each HSQC cross-
hundred fifty increments of 146 transients each were peak arises from the covalent bond between an afte

acquired. The acquisition required approximately 15 h. and its proton. Cross-peaks associated with the holoprotein
The {¥H} —15N steady-state nOe experiments were per- Were not observed in either spectrum.
formed as described elsewher&9( 20). Briefly, each Additional cross-peaks can be seen in the in-cell HSQC

experiment consisted of two spectra, a reference spectrumspectrum (Figure 2A) compared to the dilute solution
and a nOe spectrum. Both spectra were acquired in identicalspectrum (Figure 2B). Several of these cross-peaks are circled
fashion except that the nOe spectrum was acquired with ain Figure 2A. To identify the source of these cross-peaks,
'H irradiation period of 4.5 s during the recycle delay to we acquired an in-ceAH—N HSQC spectrum oE. coli
produce the steady-state nOe. The reference spectrum wastrain BL21(DE3) Gold without the pET3clftb5 plasmid.
acquired without'H saturation. The two spectra were This spectrum is shown in Figure 3. Comparing Figures 2A
acquired in an interleaved fashion at'ld frequency of  and 3 shows that the extra cross-peaks arise from metabolites
699.777 MHz with &H spectral width of 9800.32 Hz and a  that have incorpate¥N from the growth medium. Although
N spectral width of 2372.76 Hz. Each experiment com- none of the extra cross-peaks have been firmly assigned to
prised 512 complex points. Each of the 124 increments specific molecules, thé®N-enriched metabolites probably
comprised 64 transients with a recycle delay of 5 s. The total include the enterobacterial common antig@f)(and other
acquisition time was-45 h. common compounds known to exist in tEe coli cytosol
Controls In-cell NMR samples were collected, fraction- (22). This background noise, produced by tecoli system
ated into the soluble and insoluble portions of the extracel- grown in *>N-enriched medium, must be overcome with
lular and intracellular components of the sample, and overexpression of the protein being studied. These additional
subjected to SDSPAGE. Proteins were visualized with  cross-peaks posed no problem in the analysis of apocyto-
Coomassie Brilliant Blue to ensure that the apocytochrome chromebs using in-cell NMR.

bs was located in the soluble cytoplasmic fraction of the cells  The pattern of protein cross-peaks is a fingerprint of the
during acquisition of the spectrum. The viability of the cells packhone structure. Cross-peaks from the in-cell and dilute
was quantified by triplicate serial dilution of aliquots before  go|ution spectra were assigned on the basis of the dilute
and after a 48 h experiment. Samples were plated on Luriagp|ytion assignments at pH 6.2 and 787 15). Only 92 of
broth plates supplemented with ampicillin (10@/mL). a possible 95 cross-peaks were assigned because of the
Colonies were counted after incubation overnight atG7 overlap of cross-peaks for Alad, Ser64, and Glu8216).
Cross-peaks for Serl8 and Ser85 are not visible in Figure
RESULTS AND DISCUSSION 2B because of their lower intensity. These cross-peaks are
observed at lower contour levels as shown in the box (even
Apocytochromebs was overexpressed, uniformly enriched at the lower contour level, we were unable to locate the cross-
with N, and observed inside living. coli. Figure 2A shows peak for Ala54 in the dilute solution spectrum). Two controls
the in-cell'H—'N HSQC spectrum. ThéH—1N HSQC prove that the apocytochronhe is inside living cells. First,
spectrum of purifiedt>N-enriched apocytochroni® in dilute ~90% of the cells are alive after a 48 h in-cell NMR
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Ficure 4: Steady-statg'H} —°N nOe values (700 MHz) quantified
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. ) Although it is tempting to interpret the small decreases in
Ficure 3: H—15N HSQC spectrum ofE. coli lacking the . . . .
expression system for apocytochroegrown in 15N-enriched intracellular nOes as increases in fast dynamics, we also must

media. Cross-peaks belong ¥N-enriched metabolites that ac- ~ consider the effect of viscosity on nOe data. The viscosity
cumulated during cellular growth. of the E. coli cytoplasm is estimated to be *:2.5-fold
higher than the viscosity of a dilute buffer solutid@8). We
experiment. Second, more than 90% of the protein is locatedtested the idea that viscosity affects the results using two
in the soluble cytoplasmic fraction of the cells. approaches. First, we mimicked the effect of this increased
The lack of cross-peak broadening in the in-cell spectrum viscosity by using the dilute solutidfiN relaxation datag),
compared to the dilute solution spectrum indicates that the appropriate equations describing the steady-§tkije—
apocytochromds is a monomer and is not tightly associated N nOe @, 24, 25), and the StokesEinstein equation to
with any large molecules. Most importantly, there is no calculate the effects ofi*H} —*N nOes. We found that
significant difference in cross-peak locations between the in- decreased nOes are expected for amides with slow internal
cell and dilute solution spectra, indicating no large changes correlation times such as those found throughout apocyto-
in structure between the two environments. This congruencechrome bs (8). The results of these simulations were
of chemical shifts also shows that the crowded environment confirmed by the second approach in which we quantified
does not induce native structure in the heme-binding region. the {*H} —1°N nOes for yeast isoferricytochronuein vitro
Apocytochromebs backbone dynamics were quantified by in dilute solution and in the presence of the viscogen glucose
measuring steady-staféH} —5N nOes. The in-cell experi-  (G. J. Pielak, unpublished results). The results indicate that
ment was performed once on each of three different samplesthe residue positions showing decreased n®4s\! glucose
The in vitro experiment was performed three times on one are those that are known to have slow internal correlation
sample under dilute solution conditions. The averaged ratio times in dilute solutionZ6). However, the increased nOes
of peak intensities (withH saturation divided by without  observed in cells may represent small increases in rigidity
1H saturation) was used to quantify the nOe for each resolvedinside cells, but we cannot rule out the effect of viscosity
cross-peak. The in-cell and in vitro experiments produced on residues with fast internal correlations. Whatever their
nOe values for 68 and 67 residues, respectively. Values forsource, it is important to avoid overinterpretation of the small
the 59 common residues were determined under bothobserved changes {itH} —'5N nOes observed in cells and
conditions (Figure 4). in the glucose experiments because both small and large
For proteins the size of apocytochrotmgrigid backbone molecule crowding agents are known to increase the
regions give nOe values 0f0.8 (at a'H frequency of 700 structural stability of proteins7( 27). This influence of
MHz). Less rigid regions give smaller values, and highly crowding agents on stability makes it difficult to conclude
dynamic regions exhibit negative nOe values. These differentthat the changes in dynamics observed in cells and in 1 M
regions can be seen in Figure 4. The in-cell data and theglucose are due solely to the changes in viscosity.
dilute solution data exhibit similar trends; the helices and It is important to bear in mind that we chose an extremely

sheets of the structured regions (Asg3lu38 and Leu76 simple protein for this initial study. Except for the heme
Ser85) tend toward rigidity, while the heme-binding loop moiety, which cannot be synthesized fast enough by the
(His39-Glu69) and the termini are the most dynamic. bacteria to yield a significant concentration of the holopro-

Changes in{'H} —N nOe values between inside cells tein, apocytochrombs does not appear to interact strongly
and dilute solution are mapped onto the structure in Figure with any molecules, large or small, insilecoli. Many other
1. Differences in nOe values greater than the sum of their proteins, however, do have specific interactions with other
standard errors were deemed significant. Consequently, ofproteins, small molecule ligands, nucleic acids, or mem-
the nOes for the 59 common residues, 18 are similar in cellsbranes. Such interactions are known to affect protein
and in dilute solution, 34 have smaller nOes in cells, and dynamics in vitro 28). It should be possible to study such
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ligand-induced dynamic changes in more complicated protein 12
systems by using in-cell NMR.

In summary, we have shown that quantitative information
describing protein backbone dynamics can be obtained inside
living cells. Even though some of the nOe values differ
between dilute solution and inside cells, most of the 14
differences track the change in viscosity rather than a change
in fast backbone dynamics. Therefore, it appears that dilute
solution steady-stat§'H} —*N nOe measurements can
provide biologically relevant information about pico- to
nanosecond backbone motion for simple protein systems such

13

as the one studied here. Studies are underway to assess slowefg.

motions.
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