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ABSTRACT: The present work describes the dynamics of the apo form of cytochbggne small soluble

protein consisting of 106 amino acid residues [ltagaki, E., and Hager, L. P. (19&6)l. Chem. 241
3687-3695]. The presence of exchange in the millisecond time scale is demonstrated for the last part of
helix 1V (residues 95105 in the holo form). The chemical shift index analysis [Wishart, D. S., and
Sykes, B. D. (1994). Biomol. NMR 4171—-180] based on K C., Cs, and C chemical shifts suggests

a larger helical content than shown in the NMR structure based on NOEs. These results indicate the
presence of helical-like conformations participating in the exchange process. This hypothesis is consistent
with amide deuterium exchange rates and the presence of some hydrogen bonds identified from amide
chemical shift temperature coefficients [Baxter, N. J., and Williamson, M. P. (129ijpmol. NMR 9
359-369]. °N relaxation indicates limited mobility for the amide protons of this part of the helix in the
picosecond time scale. A 30 ns stochastic dynamics simulation shows small fluctuations around the helical
conformation on this time scale. These fluctuations, however, do not result in a significant decrease of
the calculated order parameters which are consistent with the experinthtadlaxation data. These
results resolve an apparent discrepancy in the NMR structures between the disorder observed in helix IV
due to a lack of NOEs and the secondary structure predictions based onehhical shifts [Feng, Y.,

Wand, A. J., and Sligar, S. G. (1998jruct. Biol. 1 30—35].

Cytochromebsg; is a small soluble protein consisting of The NMR structure of the apo form lacking the heme
106 amino acid residued,(5) classified as an electron-  group reveals that the apoprotein has a topology similar to
transfer protein although its biological partner remains elusive that of the holoprotein4). The residues providing axial
(6). It is localized in the periplasm dEscherichia coli(7) ligands to the heme iron in the holoprotein are, however,
and can be isolated from soluble extract of disrupted cells completely exposed to the solvent. In addition, the loop
(1). The structure of ferricytochromiese, was determined connecting helices Il and Ill, the first three residues, and
by X-ray crystallography first at 2.5 A and later refined at the last 12 residues are ill determined. Although considerable
1.4 A. The molecule is composed of four antiparallel helices structural disorder is found in the fourth helix, the presence
(residues 319, 23-41, 56-80, and 85-105) with a short of some main-chain NOEs in residues-2D4, the deuterium
310 helix in the 15-residue loop (residues448) connecting ~ exchange rates, and the small magnitude of .
the first and the second pairs of helic&s §, 9). A b-type couplings support the helical character of this part of the
heme is ligated to the polypeptide chain through methionine structure §). This is supported by molecular dynamics
7 on the N-terminal helix and histidine 102 on the C-terminal Simulations 12) that suggest that all four helices present in

helix (6). The solution structure of oxidizeH. coli cyto- the holo form are essentially intact and confirm that the
chromebsg, does not show significant differences)( 11), difficulties in assigning helical NOEs in the C-terminal helix

having a conformation intermediate between the two inde- @€ not due to structural disorder. Deviations from random
pendent solid-state molecules. coil values of H, protons analyzed through the chemical shift

index @) support these resultd)(
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core of the moleculel3). The portion of helix 1V identified stations using NMRPipe2@), reduced, and analyzed with
as disordered in the NMR structure of the apo form shows, the in-house developed programs TRITON and REGINE,
unlike the other more stable regions, a significant positive respectively. An apodization squared sine-bell function was
volume change at low pressure, suggesting the presence ofpplied, typically shifted byz/4 in the 'H dimension and

a loosely packed open state at ambient pressige 60% /2 in the other dimensions.

and 80% helicity estimates were obtained from circular  Resonance Assignment and Secondary Structure Deter-

dichroism measurements for the apo and holo forms of mination. Triple resonance experiments were performed on

cytochromebsez, while NMR predicts an intermediate value 1 v 13C/15N-labeled protein in 90%H,0/10% DO at 293

of 71% for the apo form 15). Comparison of the free K, containing 20 mM phosphate at pH 5.1. A previdis

energies of stabilization and midpoints for the thermal znq1sy NMR assignment of apbse, was available at pH

transition of the apo- and holoproteins indicate that the 5 1_5 2 and at 293 K@). 13C assignment of carbonyl CO,

protein is significantly stabilized upon binding hentb), C., and G was achieved through HNCQ@Z, 24, 25, 26),

Interestingly, it has been shown that folding can be triggered yNCACB (21, 26, 27), and CBCA(CO)NH 28, 29). HBHA-

by photoinduced electron transfer to unfolded Fe(lijay:  (CBCACO)NH allowed the determination of,Hin the case

in 2-3 M guanidine hydrochloride solutions§). of adjacent residues missing amide protdhsTOCSY-
This study was undertaken to resolve the apparent dis-['H,**N]-HSQC was used).

crepancy in the NMR structure between the disorder observed 3p spectra were recorded typically using 1024100 x

in helix IV due to a lack of NOEs and its predicted helical g4 complex points iftH, 13C, and>N dimensions, respec-

content based on Hchemical shifts 4). Our results jiyely and processed with linear prediction and zero filling

demonstrate the presence of exchange in the millisecond tim&n g spectra of 1024 256 x 128 real data pointdHy, 23C,

scale for the last part of helix IV (residues 9%06). 3¢, and13CO chemical shifts were analyzed with the CSI

Chemical shift index analysis2) performed with four program (PENCE/MCR Group Joint Software Centr) (

different nuclei (H, Co, Cs, C) suggests a larger helical {5 |ocalize elements of secondary structure along the
content than shown in the NMR structuré).( This may sequence.

indicate the presence of helical-like conformations patrticipat- Amide Deuterium Exch 4T ture D d
ing in the exchange process. This hypothesis could explain fll—riniAe _deuceglurr! )I(CSP??thNagS eénperatureo ependence
both the measured amide deuterium exchange rates and th8 mide Chemical Shifts>N-HSQC spectra2()) were

- - - ded on &°N-labeled protein 1.89 mM sample in 90%
presence of some hydrogen bonds identified through amide®cor =
chemical shift temperature coefficien®).(The®N relaxation H.0/10% DO, containing 150 mM KEPG, at pH 5.10.

P : . R . Water flip-back 80) was used for suppression of the solvent.
indicates restricted motions of the amide in the picosecond

time scale in the C-terminal helix. Stochastic dynamics Th_e spectra were recorded qt278, 283, %588 .293' a_nd 298K
simulations {7) of the apo protein reveal for helix IV using 262?( 2[?0 complex p%lnts iAH and NdlmenS|onds,d
fluctuations around the helical conformation. These, however, respectively. Deuterium exchange spectra were recorded on

do not result in a significant decrease of the calculated amidethe lyophilized s_ample_ dlssqlved In 2‘.) a_t PH 5.3 as
measured after dissolution without taking into account the

E)hrgtg)r:poergsqreﬂ?;ﬁgw g;?irjé;v Cgﬂ:sr_e In good agreement Wlthisotope effect 31). The first ?N-HSQC spectrum was
recorded 2 min and 40 s after dissolution. Five spectra were
MATERIALS AND METHODS taken at 2 min intervals over the first 10 min after mixing
(using only 1 scan and 40 complex points in the indirect

Sample PreparationApocytochromebss; was prepared  dimension), then five more at 18 min intervals (4 scans and
as described for the holoproteibdj. E. coli strain BL21(DE3) 100 complex points in the indirect dimension), followed by
mutant C41 18) harboring plasmid pPB10 was grown in five more at 90 min intervals (20 scans and 100 complex
minimal media supplemented witFPIN]NH,Cl and [3C]glu- points in the indirect dimension), and finally four spectra
cose (4 g/L). Seventy percent of the expressed protein doesach taken at 7.5 h intervals (with 100 scans and 100 complex
not contain heme. The contents of the periplasm were points in the indirect dimension). In all spectra 2624 complex
extracted and combined with the culture medium, which had points were used for the direct dimension. All spectra were
been previously concentrated by ultrafiltration using a 3000 processed with linear prediction in the indirect dimensions
MWCO Amicon membrane. This solution was exchanged up to 256 points (150 for deuterium exchange experiments)
into 20 mM diethanolamine buffer, pH 8.5, and sequentially and zero filled into spectra of 2048 512 real data points.
purified by anion-exchange (Q-Sepharose), gel filtration *H amide shifts were plotted against temperature. The
(Superdex S-75), and anion-exchange (Mono-Q) chroma-temperature coefficients were obtained from the slopes by
tography, using KCI for gradients. linear fitting. Deuterium exchange data were plotted as peak

NMR SpectroscopyNMR spectra were recorded on a heights (divided by the number of scans) against time and
Varian Inova 500 spectrometer equipped with a triple fitted utilizing the LevenbergMarquardt algorithm for
resonance probe with a shielded gradient coil. Higher Nonlinear least-squares minimization of ffteerror function
sensitivity was achieved by the sensitivity enhancement (32) using as a model function a three-parameter mono-
scheme 19, 20) combined with gradient coherence selection €xponential decay. The resulting exponents were taken as a
(20, 21). Aliasing was used to increase the resolution in the Mmeasure of the exchange rates. Plotting and fitting programs
nitrogen dimension®H referencing was based on internal Were provided by Dr. J. Craven, University of Sheffield.
TSP with corrections for pH according to Cavanagh et al.
(22). Indirect calibration was used for the other dimensions 1 appreviations: CSI, chemical shift index; DEA, diethanolamine;
(22). Data were processed on Silicon Graphics O2 work- SD, stochastic dynamics; TSP, trimethylsilyl propionate.
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Relaxation MeasurementRelaxation experiments were solvent are modeled implicitly by two additional forces: a
performed on™N-labeled protein (see sample conditions frictional forcef proportional to the velocity and solvent-
above) according to Li and Montelion&3). Water pre- accessible surface of the atoms to which it applies and a
saturation was replaced by water flip-bacQ), and the stochastic forcdsto following a Gaussian distribution and
contribution from dipolar and CSA cross-correlation effects simulating the force the solute experiences due to collisions
was suppressed by a series of 180Ises on hydrogers4, with solvent atoms X7). The atomic solvent-accessible
35). 15N decoupling during acquisition was performed using surface areas were calculated as described in Yun-Yu et al.
WALTZ16 (36, 37). The sequence used to determinds (44) and updated every 500 steps. Coordinates were saved
preceded by irradiation very far from the resonance (100 every picosecond for analysis.
kHz) to ensure that the same amount of rf power is dissipated The secondary structure content of the protein was
into the sample for each relaxation delay. Relaxation delays calculated using the SECSTR module of the program
used for determining longitudinal relaxation times were 32, PROCHECK 45).

64,128, 256, 512, 768, 1024, and 1536 ms. Relaxation delays The order parameters$) of the NH vectors were
used for determining transversal relaxation times were 8, 24, calculated from the last 27.5 ns of the trajectory (238.0

32, 40, 48, 64, 96, 144, and 240 ms. Peak volumes werens) after least-squares fit of all,Gatom positions on the
used to determine intensities in each spectrum. Heteronucleainitial structure as in Henry and Szabétj

Overhauser enhancement factors= (lsat — lo)/lo Were

calculated from the normalized difference of peak volume 1 38 3

in the presencd ) and in the absencé of *H saturation. S= —(32 Hltaﬂ/ﬁ -1 (1)

In this experiment protons were saturated during 2.5 s prior 2 ==

to the pulse sequence in order to achieve steady-state

intensities. The transmitter is arrayed alternatively in the Whereu, (o =1, 2, 3) are the, y, andz components of the
m|dd|e Of the amide proton region and Off resonance in Order norma“zed Interatomic vector In the molecular frame.

to alternate FIDs with and without NOE effect. Relaxation

times were obtained using an in-house written program which RESULTS AND DISCUSSION
utilizes the LevenbergMarquardt algorithm for nonlinear 13C,, ¥Cs, and PCO Resonance Assignmentriple
least-squares minimization of tggerror function 82) using resonance experiments yielded thg énd G °C shift

a three-parameter monoexponential decay as a model funcresonances of all residues except for residues 45 and 105.
tion. The pulse sequence used to emphasize the exchange iThese data were used for the determination of secondary
the millisecond time scale only differs from the one used structure elements through the chemical shift index method.
for determining™N T by the frequency of repetition of 180  The complete set of resonance shifts'f&@,, 13C, and*CO
pulses (and their number3§). In the two experiments, the is deposited in the BMRB database (entry number 4767).
delays separating the 180 hard pulses were 4.8 and 1.6 msThe G, and G resonances of all prolines except residue 45
and the global pulse train time was 9.6 ms. All spectra were could be determined by connecting them to the following
recorded using 1536 160 complex points iftH and >N amide proton using a 3D CBCA(CO)NH experiment. For
dimensions, respectively, and zero filled to 102412 real proline 45, which is followed by another proline, this was
data points. The intensities were measured as peak heightsnot possible. In the case of HNCO the carbonyl frequencies

Stochastic Dynamics SimulatioriBhe protein was mod-  of residues preceding prolines (44, 45, 52, 55) and of the C
eled according to the GROMOS96 model and force field terminus (106) could not be determined. In addition, the C
43B1 (39, 40). The starting structure was obtained from the resonance of residue 48 could not be determined due to the
crystallographic structure of the holoprotein (PDB entry missing HN resonance of residue 49. Further, despite the
256B) ) after removal of the heme group. The structure larger dispersion offered by triple resonance experiments,
was first subjected to 250 steps of steepest descent energyhe assignment offC carbonyl frequencies of residues 94
minimization. The stochastic dynamics simulation was run and 96 remains unclear.
for 30 ns using the GROMOS96 prograB9(41). The time Secondary Structure DeterminatioBecondary structure
step used in the leapfrog integration scheme was 0.002 pselements such ae-helices andj-sheets can be located
Covalent bond lengths were constrained with the procedurethrough the analysis dH and'3C backbone chemical shifts
SHAKE (42) with a relative geometric tolerance of 0.0001. (CSl index) @). In the case of i a negative deviation from
The initial velocities were taken from a Maxwellian distribu- random coil values indicates the presence-tfelix structure
tion at 300 K. The reference temperature was set to 300 K, while a positive deviation is typical fgt-sheets. The contrary
but no coupling to a temperature bath was used since theholds for G, and CO while positive deviations ofs&hifts
temperature of the system is regulated by the stochasticindicate the presence Bfsheet structure. Results are shown
forces. The nonbonded interaction pair list was updated everyin Figure 1. Although the shifts from random coil values
five steps with a cutoff of 0.8 nm. The nonbonded interac- appear to decrease in magnitude toward the C terminus, there
tions were calculated with group cutoffs using the twin-range is still evidence ofx—helical conformation. The CSI results
method 43) with cutoffs of 0.8 and 1.4 nm, respectively: (Figure 1e) for the apo form of cytochrorbes, indicate the
all nonbonded interactions within 0.8 nm were calculated at presence of helical conformation in positions 18, 23—
every step while the long-range contribution, up to 1.4 nm, 41, 5780, 85-95, and 98-102. These positions are quite
was updated every five steps. Position restraints were appliedsimilar to the helix position in the holoprotein (residues
on the solute heavy atoms during the first 100 ps of the 3—19, 23-40, 56-80, and 84-105) but disagree with the
simulations with a constant of 500 kJ mélnm™=. In NMR structure of the apo form in which the last part of
stochastic dynamics simulations the interactions with the helix IV is missing. The fact that bothHand G, predictors
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Ficure 1: Chemical shift deviations from random coil values as a function of the residue number fog, (&) K&, (c) G, (d) *°C of

carbonyl CO, and (e) corresponding secondary structure elements (consensus) as obtained from the CSI analysis. The consensus takes thret

possible values=1 (a-helix), 0 (random coil or undetermined structure), andpisiieet). The secondary structure elements of the
holocytochromébsg, are indicated as a cartoon in panel e with the part of the C-terminal helix lacking in the apo structure indicated with
white instead of gray filling.

indicate helical content up to residue 102 is noteworthy, (iv) The lack of NOEs in 3D'H—N NOESY-HSQC
especially considering that they have the highest prediction spectra can be explained by a lower sensitivity caused by
accuracy (86% and 84%)2). The presence of helical exchange with nonhelical conformations.
structyre inthe C terminus_is further supported by the small  Amide Deuterium Exchange and Temperature Dependence
magpnitude of théJun, coupling constantss). The presence o 14 Amide Chemical Shifteuterium exchange studies
of conformational exchange for this part of the protein could 56 already been performeti3[; the experiments were,
explain some of the discrepancies between the current res”'“ﬁowever, only initiated 2625 min after addition of BO,
and the NMR structure of the apo form. A number of 4 45 5 consequence, weak protection could not be revealed.
observations support this hypothesis: The data reported here provide insight into exchange on
(i) As compared to ordered helical structures in the protein, shorter time scales since the first HSQC spectrum could be
the segment from residue 95 onward shows a reduced peakecorded after 2 min and 40 s. Table 1 lists the amide proton
intensity. This finding is not consistent with pure random exchange rates obtained as follows: peak heights were
coil mobility where stronger peaks would be expected.  plotted against the delay time after dissolution §ODbuffer
(i) Lowering the temperature results in a selective drop and fitted with monoexponential decays. Exchange rates were
in peak heights from residue 95 to at least residuel03, calculated as the exponents of the fitting curves.
possibly consistent with a slowing of exchange processes to  The temperature dependence of the chemical shifts and
coalescence time scale at 500 MHz (see Figure 4a). intensities of backbone amide protons was analyzed in the
(iii) Deviations of the chemical shifts from random coil range from 278 to 298 K. Figure 2b shows the amide
values have borderline behavior which can originate from chemical shift/temperature coefficient of all NHs that could
exchange among helical and nonhelical conformations. be measured at least at two different temperatures. Temper-
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Table 1: Amide Hydrogen Exchange Rates (M)A

ex-
residue change

residue change

ex-

ex-

residue change
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solvent. The phenomenon is more pronounced as the
difference in chemical shifts between different conformations
increases.

no. rate x2 no. rate y2 no. rate x2 F_ocusing on heli_x_ IV and the C_t_erminus, we observe that
5 0387 0101 36 <000l 0070 74 e residues from position 87 to position 91 show temperature
3 0.923 0.087 37 <0001 0.110 75 <0.001 0.196 dependepce conqstent with exchange data only in the
4 1.489 0.737 38 <0.001 0.220 76 <0.001 0.277 hypothesis of breaking of hydrogen bonds as the temperature
2 é-gg? (1)-(2)22 ig 8-832 8-‘7‘82 ;g<8-881 8-83 increases. This effect is very pronounced for residue 87,
< . . . . .
7 c ' a1 0025 0782 79 <0.001 0.343 which resides at the beginning of the fourth helix. The
8 1137 0533 42 0113 0480 80  0.030 0514 stru_c_ture seems to_ be quite ordered from pos_it?on 92 to
9 b 43 0.338 0.340 81  0.161 0.725 position 97 according to the temperature coefficients, but
10 ¢ 44 b 82 b the exchange rates are quite large. This suggests that the
i; 8'994 0.856 4;17 3 2431 8748 0.611 chemical shift variation is no longer only depending on
13 0.748 0.360 49 85 0853 0.027 hydrogen bonding. From residue 98 up to residue 100 larger
14 0.183 1551 50 b 86 ¢ temperature dependences would suggest absence of hydrogen
15 0.498 0.363 51 ﬂ: 87 0.007 0.611 bonding. On the other hand, chemical exchange wit® D
ig 8'3%2 8'232 2421 . Sg 2'006 0141 s not sufficiently fast to justify this hypothesis and matches
8 c ' 55 0684 2000 90 0004 0.193 With the previous data only in case of conformational
19 0.614 0.288 57 b 91  0.003 0.100 exchange. Exchange-competent states due to helix end
20 0.684 1380 58 d 92 0.103 0.885 fraying have already been proposed for part of helix IV
21 d 59 d 93 1.086 0.625 (residues 8492) (13)
22 b 60 0.045 0.006 94  0.071 0.667 .
3 ¢ 61  0.666 0514 95 1324 0336 The temperature depgndence of peak heights can also be
24 e 62 0.798 0.480 96 d indicative of conformational exchange. The relative peak
25 0919 1.065 63 ¢ 97 1491 0.552 height of each residue was monitored as the temperature was
26 o045 0mar B4 2 o 0082 0390 raised from 278 to 298 K. Peak heights (each divided by
28 0124 0511 66 f 100 0084 0142 the value of the first experiment) were plotted against
29 0.005 0.319 67 0.685 0.126 101 b temperature and fitted with a straight line. Temperature
30 <0.001 0.020 68  0.021 0.269 102 d dependence was measured as the slope of each fitting curve.
8l <0001 0246 69 <0001 0017 103 = 1.708 0.899  Although for some residues an exponential fitting would be
32 0.027 0317 70 0.021 0.313 104 d ate. i fitt I the behavi
33 <0.001 0.056 71 0002 0024 105 c more appropriate, linear fitting well expresses the behavior
34 <0.001 0.033 72 <0.001 0.029 106 b of most of the residues. In Figure 4a the dependence of peak
35 0.003 0.146 73 <0.001 0.050 height on temperature is expressed by the corresponding

aThe hydrogen exchange rates were measured by plotting peakSlopeS as a function of the residue number. In the case of
heights () against timet) and fitting the curve with a three-parameter
monoexponential decayt = A + |y exp(—at), wherely is the peak
height immediately after dissolution in,D, A corrects for baseline
drifts, anda is the exchange raté Small: the signal was present in

the first few spectra taken after dissolution, but poor signal to noise

did not allow the measuremeritSmall: the signal was present in the

first few spectra taken after dissolution, but severe overlap and poor show clear evidence of exchange near coalescence in the
resolution of spectra did not allow a good fitThe signal was not

present in the first HSQC spectrum taken 2 min and 40 s after
dissolution in BO. ¢ The signal was present in all spectra, but severe

overlap or poor signal to noise did not allow the measureniGevere L& - .
overlap and poor resolution of spectra prevented the identification of 103 lie in the region between6 to —10 ppb/K (Figure 2b),
the peak in all spectra.

fast exchange, a drop in peak height is expected by lowering
the temperature. This is clearly observed for the C terminus
and, to a lesser extent, for residues 57 and 58. For very fast
exchange, lowering the temperature by 10 K may be

insufficient to reveal the exchange phenomena. The data

NMR time scale highly dependent on temperature. It is
interesting to point out that only the amide protons of residues
2,4,12,21, 25, 44, 47,52, 57,59, 63, 85, 87, 100, 101, and

where most of amide protons belonging to random coil
conformations are found. If the possibility of breaking of

ature dependence of the amide chemical shifts in conjunctionhydrogen bonds with changing the temperature is taken into
with exchange data is a useful tool to localize hydrogen- account (which can lead to highly negative temperature
bonded amide protons along a sequence. In particular, andependences even in the presence of hydrogen bonding), only
amide proton exchanging slowly and with a temperature amide protons of residues 12, 21, 44, 47, 52, 57, 59, and
coefficient more positive than4.5 ppb/K can be classified 101 (and probably 104) must be considered completely
as hydrogen bonded@®). In addition, it has also been shown exposed, the others having measurable deuterium exchange
that a high negative value of temperature coefficient can rates. These residues reside in the middle part of helix |
originate from breaking of hydrogen bonds due to a loss of (12), in the first loop (21), in the big loop in positions
secondary structure on heating. The low negative value of flanking each one of the four prolines (44, 47, 52, 57), and
some residues shown to exchange only relatively quickly in position 101 which is very near the end of helix IV
with the solvent can be explained by population change uponaccording to the CSI method. Surprisingly, all residues at
temperature variatiom{). This phenomenon can compete the C terminus except 96, 102, and 104 indicate some
or add up to the general drift of chemical shifts toward low protection, showing the presence of some hydrogen bonding
fields as the temperature increases, which has been explaineth the exchange equilibrium. The gap in the fourth helix at
by the loosening of hydrogen bond.(The latter case holds  residues 96 and 97 in the chemical shift index is confirmed
for residues presenting highly negative temperature depend-by deuterium exchange measurement that shows very fast
ence and measurable hydrogen exchange rate with theexchange for residue 96. Residues 101 and 103 show a more
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Ficure 2: AmideH chemical shift temperature coefficients (a) and qualitative hydrogen-bonding strength (b) versus residue number. The
temperature coefficients were calculated as the slopes of a linear fitting of chemical shifts against temperature. Error bars were calculated
through the error propagation formula, estimating a chemical shift uncertainty of 0.05 ppm. The critical vaki® @pb/K is shown by

a dashed line. The color scheme for hydrogen-bonding strength is as follows: blue, very slow exchange and temperature coefficients larger
than—4.5 ppb/K; magenta, very slow exchange and temperature coefficients smallerdtiappb/K; red, moderately fast exchange (rates

between 0.001 and 1 mi#) and temperature coefficients larger thad.5 ppb/K; orange, moderately fast exchange and temperature
coefficients smaller thar4.5 ppb/K; yellow, all remaining residues present at least in the first HSQC spectrum. In cases when the temperature
dependence data were absent, the classification was based on the deuterium exchange data alone, while in cases when the deuterium
exchange values were absent, data were not classified. See caption of Figure 1 for an explanation of the secondary structure cartoon.

“random coil-like” behavior although their temperature chemical shift causes magnetization to dephase on the
coefficients lie in the very beginning of the random coil transversal plane. Dephasing of magnetization leads to
region, and deuterium exchange for residue 103 is only broadening or disappearance of the signal; since the acquisi-
moderately fast. The presence of the last residue in the firsttion time is in the order of hundreds of milliseconds, slow
HSQC spectrum of deuterium exchange data could beprocesses are able to efficiently dephase the transversal
explained by an intraresidual hydrogen bonding with the magnetization, resulting in faster apparent transverse relax-
terminal carboxyl group. A qualitative scheme showing the ation rates 49). Although R, and » depend on spectral
hydrogen bonds strengths is given in Figure 2c. densities at different frequencies, qualitatively, in the absence
Relaxation Measurement3he 15N—1HN heteronuclear  of slow perturbations, both quantities should be influenced
NOE is a very sensitive probe for internal dynamics of the only by motions in the nano- to picosecond time scale. In
amide nitrogen and proton vectods) in the subnanosecond  particular, for faster motions, low positive values of the
time scale. Figure 3a shows'?N—HN heteronuclear NOE  transverse relaxation rate and high negative valuesae
measured as a function of residue number. Empty slots inexpected. As a consequence, the valueR:0éind# along
Figure 3 correspond to amide NH peaks whose integral couldthe sequence should draw patterns of complementary shape.
not be evaluated because of overlap (residues 6, 9, 10, 11;The deviation from this behavior may indicate the presence
13, 18, 24, 27, 29, 34, 39, 48, 51, 58, 59, 62, 63, 65, 66, 74, of exchange in the micro- to millisecond time scale. It is
78, 79, 89, 94, 95, 97, 99, 104, 105) or the absence of a HNimportant to point out that the contribution of chemical
amide peak (1, 45, 46, 49, 53, 56). With the exception of exchange to relaxation is dependent on the rate of the
the last residue, apocytocrorbg, does not show extensive  exchange process, the chemical shift difference between
subnanosecond mobility. Differences are, however, evidentparticipating sites, and the populations thered8)( In
among different regions of the protein. Residue219- particular, when the exchange r&tgexceeds the difference
22,44-55, and 8183, and the last part from at least residue in chemical shiftsdw, a single resonance line is observed
96 on, show enhanced mobility in the nano- to picosecond with an increased line width. As a consequence, some other
time scale. These regions clearly correspond to weak or looseprocesses can be active which are not evident in this
parts of the protein as already identified in the previous comparison. For example, exchange between conformations
measurements: the N terminus, the three loops, and the Cexhibiting similar chemical shifts can be present but not
terminus. The same information is evidentTnmeasure-  visible in this analysis. Nevertheless, conformational ex-
ments (Figure 3b) which, although less sensitive, probe the change seems to be present for residues 2, 3, 4, 17, 19, 21,
spectral density also at tHéN frequency. 22, 26, 44, 47, and 50 and for the C terminus, at least from
5N R; relaxation rates (Figure 3c) provide another probe residue 96 on. These results are confirmed by comparing
for the dynamics of the protein backbone. It is sensitive to the intensities of peaks in HSQC spectra implemented with
millisecond to microsecond processes. Conformational ex- CPMG-derived pulse trains with different repetition frequen-
change, exchange with the solvent, or any time-dependentcies of the 180 pulses 88) (see Materials and Methods).
perturbation of the environment of a nucleus modulating its As shown in Figure 4b, exchange in the (sub)millisecond
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FiGURE 3: (a) HeteronucleatH—%N NOEs measured as the fractional growth of peak intengitss residue number. (b) Longitudinal
relaxation rate®; vs residue number. (c) Transversal relaxation rB%ess residue number. In all graphs empty slots correspond to residues

for which the data could not be measured. Error bars were calculated using an estimate of the average noise. See caption of Figure 1 for
an explanation of the secondary structure cartoon.
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Ficure 4: (a) Peak height temperature dependence vs residue number. (b) Peak height comparison between two HSQC spectra implemented
with a CPMG sequence during indirect evolution. The two experiments differ in the pulse repetition delay of the CPMG sequence (4.8 and

1.6 ms). Negative bars constitute a rough estimation of the error. Exchange contribution is evident for values larger than 0.04 (in red). See
caption of Figure 1 for an explanation of the secondary structure cartoon.

time scale can be revealed by comparison of intensities inrate of the refocusing pulses in the CPMG train. Actually,
two spectra differing in the pulse repetition delay of the this experiment constitutes a sort of filter-selecting exchange
CPMG sequence (4.8 and 1.6 ms). In the absence ofin the order of the repetition rate. Since the exchange
exchange the ratio should be 1 (0 in the plot of Figure 4b). contribution to transversal relaxation time (which is inversely
Greater values indicate regions of chemical exchange.proportional to peak height) is dependent on pulse repetition
Clearly, residues 17, 19, 22, 26, 41, 49, and from 93 to 100 rate vcpuc only whenvepms = kex, We can estimate the
present enhanced intensity (the assignment of residue 49 idifetime of the conformations involved in the exchange
only tenative). Again, the terminal part of helix IV shows process to be of the order of few milliseconds (repetition
exchange in the (sub)millisecond time scale although this is delays were 4.8 and 1.6 ms in the two experiments).

not evident for residues 98, 99, and from 101 on; these Stochastic Dynamics Simulatiofo gain structural insight
residues may exchange too fast with respect to the repetitioninto the dynamic and hydrogen-bonding properties of apo-
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Ficure 5: Secondary structure elements as a function of time (a), hydrogen bond lifetimes (b), and backbone amide order parameters (c)
as calculated from the 30 ns stochastic dynamic simulation obgpoThe secondary structure elements are indicated as follows: blue,
a-helix; magenta,  helix; yellow, hydrogen-bonded turn; orange, bend. The backbone-8N, hydrogen bond lifetimesz(;g) are
colored as follows: blueryg > 15 ns; magenta, 15 s tyg > 10 ns; red, 10 ng tyg > 6 ns; orange, 6 ng tyg > 0.5 ns; yellow,ryg
< 0.5 ns. See caption of Figure 1 for an explanation of the secondary structure cartoon.

cytocromebse,, @ 30 ns stochastic dynamics simulation was variations are localized in the C terminus. Starting from the
performed starting from the X-ray structure of ferricyto- structure of the holo form where the fourth helix reaches
chromebse, after removal of the heme group. The choice of residue 105, we observe a fluctuation around a helical
the holo structure as a starting point was motivated by the conformation starting from residue 101 onward, a value in
experimental evidence for the presence of the last helix in good agreement with the result of the chemical shift index
solution. A previous MD study by Laidig and Daggé) (in which the last helix ends with residue 102) especially
compared the holo- and apocytocrome structures. Thoseconsidering the difficulty in defining the exact position of
simulations (both starting from the holo structures) were run both ends of an helix. To obtain some more insight in the
in explicit water for up to 1.8 ns. The apocytocrome structure weakest part of the structure, at least from a kinetic point of
was described as a molten globule with increased side-chainview, the average lifetimes ofiNH—0O,_4 hydrogen bonds
mobility. This work already pointed toward the presence of were analyzed (Figure 5b). The resulting picture resembles
the last helix. Here we chose to treat the solvent implicitly the qualitative scheme presented in Figure 2c based on
using stochastic dynamics in order to reach longer time scalesexchange data and amide shift temperature coefficients.
for comparison with the NMR relaxation and hydrogen Focusing on the C terminus, we can see that the simulation
exchange data. Our simulation deviates from the starting describes the experimental data very well. We observe in
structure (the holoprotein from which the heme has been fact a gap in the fourth helix around the positions that were
removed) to reach a plateau around 0.3 nm after ap-shown to exchange very fast in the deuterium exchange
proximately 2 ns. This is slightly larger than the 0.25 nm experiments (residues 95 and 96). Furthermore, a helical
rmsd value reported by Laidig and Dagg&6é), The system conformation continues up to the end, but as suggested by
does, however, not move closer to the apocytocrome structurehe CSI method, its persistence decreases around residue 102.
(PDB entry 1APC) and fluctuates at about 0.4 nm backbone The amide vector internal correlation functions and the
rmsd from it. The C-terminal helix in the NMR solution  corresponding order parameters were calculated from the last
structure was poorly defined due to overlap and motional 27.5 ns of the simulation (Figure 5c). Note that this order
averaging 4). As was the case in the previous MD work, parameter does not reflect bond fluctuations since it was
the last helix is in major part maintained throughout the 30 calculated from normalized internuclear vectors. The calcu-
ns simulation with some breaks around residue 94. The lated order parameters indicate only limited subnanosecond
evolution of the secondary structure elements as a functionmotion in the terminal helix, which is consistent with
of the simulation time is reported in Figure 5a. The largest experimental relaxation dat&{and NOE).
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CONCLUSIONS

The removal of the heme destabilizes apocytochrbgge
significantly at pH 5 and room temperature. In the picosecond
time scale, enhanced mobility is present in the loop con-
necting helices Il and Il and in the terminus of helix IV.
For the latter, extensive motions are associated with low

values of the order parameters, indicating a very disordered 12,

region in agreement with the poor definition in the NMR

structure. The picture coming out from the analysis of amide 13
deuterium exchange data and temperature dependence of

chemical shifts shows a molecule with a wide variation in

the strength of the hydrogen bond interactions stabilizing 15

the structure. Data are consistent with the presence of both

very strong and very weak hydrogen bonds and with 16.

conformational exchange mostly localized in the first and
the fourth helix. Millisecond time scale conformational
exchange (with coalescence near 283 K) was demonstrated

suggestions of the presence of helical-like conformations

participating in the exchange process. Our results confirm 20

the previous NMR observations indicating the presence of
helix conformations in the C-terminal part of apocytocrome
based on the Hchemical shifts and the small magnitude of
the H,—Hy J-couplings 4). The emerging model is one in
which the last segment of helix IV undergoes conformational
exchange on an intermediate time scale, resulting in a
decrease of the peak intensities. This explains the lack of
NOEs leading to the structural disorder of helix IV in the
previous structural study of apocytochroimg, (4). Signifi-

cant helical population is, however, maintained as indicated
by the chemical shift index, amide exchange data, and
temperature coefficients.
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