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Cytochrome G52 Mutants: Structure and Dynamics at the Active Site Probed by
Multidimensional NMR and Vibration Echo Spectroscopy’

I. Introduction

Cytochromes c (cyt c’s) are small electron-transfer heme
proteins that play key roles in respiration and photosyntAesis.
Due to their wide availability, robust structure, and ease of
handling, these proteins have served as model systems to stud
the interplay of protein structure, dynamics, and funcfiot.
Cytochrome g5, from Hydrogenobacter thermophily$it-cyt
Cs52)14 717 was recently shown to be a structurally unique example
within the cyt ¢ family of class I8 cyt c’s. Proteins in the cyt
cg structural family, for examplePseudomonasyt css's, 19721
typically have an asparagine residue at position 64 (Asn64) that
is situated to donate a hydrogen bond to a methionine at positionl
61 (Met61), which occupies the sixth coordination site to the
heme (Figure 1a; sequence numbering is based dPsigdomo-
nas aeruginosayt oss; sequencel?-2! This interaction has been
shown to play an important role in determining the axial Met
orientatio#?2% and heme redox potentigd.Unlike its homo-
logues Ht-cyt 652 has a glutamine at position 64 (GIn64), which
is not oriented toward the axial Met61, but is instead localized
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Spectrally resolved infrared stimulated vibrational echo experiments are used to measure the vibrational
dephasing of a CO ligand bound to the heme cofactor in two mutated forms of the cytochypritern
Hydrogenobacter thermophilu$he first mutant lt-M61A) is characterized by a single mutation of Met61

to an Ala Ht-M61A), while the second variant is doubly modified to have GIn64 replaced by an Asn in
addition to the M61A mutationHt-M61A/Q64N). Multidimensional NMR experiments determined that the
geometry of residue 64 in the two mutants is consistent with a non-hydrogen-bonding and hydrogen-bonding
interaction with the CO ligand foHt-M61A and Ht-M61A/Q64N, respectively. The vibrational echo
experiments reveal that the shortest time scale vibrational dephasing of the CO is fasteHtAMB&A/

Q64N mutant than that iHt-M61A. Longer time scale dynamics, measured as spectral diffusion, are unchanged
by the Q64N modification. Frequeneyrequency correlation functions (FFCFs) of the CO are extracted from
the vibrational echo data to confirm that the dynamical difference induced by the Q64N mutation is primarily
an increase in the fast (hundreds of femtoseconds) frequency fluctuations, while the slower (tens of picoseconds)
dynamics are nearly unaffected. We conclude that the faster dynamidsM61A/Q64N are due to the
location of Asn64, which is a hydrogen bond donor, above the heme-bound CO. A similar difference in CO
ligand dynamics has been observed in the comparison of the CO derivative of myoglobin (MbCO) and its
H64V variant, which is caused by the difference in axial residue interactions with the CO ligand. The results
suggest a general trend for rapid ligand vibrational dynamics in the presence of a hydrogen bond donor.

Figure 1. Schematic representation of the heme and its environment
in (@) Ht-M61A/Q64N and (bHt-M61A. The heme axial ligands (His/
CO) are omitted for clarity. The approximate positions of 11e48, Gly52,
and Val66 are shown with circles, and Ala61 and residue 64 are shown
in ball-and-stick representations. All amino acids shown are oriented
above the heme plane (toward the viewer) as is the axial CO ligand.
Amino acids and heme substituents that show NOEs with the side-
chain NH group of residue 64 are highlighted in black.

over a methyl group (heme 3-GHlsing the Fischer numbering

system) at the heme edge, near the protein surface (Figure
1b)15-17 Zhong and co-workers have shown that the absence

of a hydrogen bond to the axial Met affects the dynamics, and
presumably the functionality, of the active site by imparting a
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fluxional character to Met61l and influencing heme redox
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potentiall?.22-24

Multidimensional spectroscopic technigues have provided a
wealth of information in the field of biology. Two-dimensional
NMR studies have elucidated the structural and dynamical
details of solvated proteins on time scales longer than tens of
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picosecond$325-33 Multidimensional IR spectroscopy has and may represent a mechanism by which an organism imparts
improved upon the dynamic range of NMR techniques, revealing a unique selectivity to substrate binding or reactivity at the active
biochemical dynamics that occur on the picosecond to femto- site of a protein or enzyme.

second time scaléd4! Vibrational echo spectroscopy is a

multidimensional IR technique that is sensitive to the relation- Il. Materials and Methods

ship between structure and dynamics in heme proféiris.
These measurements probe the dephasing of a heme-bound C(B|t
vibration caused by structural fluctuation of the protein. There
is also a contribution to the vibrational echo observable from
vibrational energy relaxation from the CO vibration to other
modes. In carbonmonoxy heme proteins, such as myoglobin
(MbCO), hemoglobin (HbCO), and cyt c, the vibrational lifetime
of the CO stretch is sufficiently long that the vibrational echo
decay is caused primarily by protein structural fluctuations.

e e e a1 CATTATIAGGAGGCGCGG-2 Cloning,expression,and i
P . P rification of Ht-M61A/Q64N were as described fbit-M61A .53
charges, whose movement generates a time-dependent electric ) o

B. Sample Preparation for Vibrational Echo Spectroscopy

field that influences the CO vibrational frequency to produce To prepare aqueous samples of carbonmorigt61A and

dynamic dephasingf:3545-48 Nonlinear response thedfallows prep q P - . )

the extraction of the equilibrium autocorrelation function of the HE-MB1A/Q64N, 10 mg of lyophilized protein was dissolved
q in 1.0 mL of pH 7.0 HO phosphate buffer (50 mM). The buffer

fluctuations in the CO vibrational frequency, or frequency pH was measured before addition of protein. The solutions were
frequency correlation function (FFCF). The FFCF provides a o\ o \yith a 5-fold excess of dithionite (Sigma Aldrich) and

guantitative description of the dynamics measured in vibrational stired under a CO atmosphere for 1 h. The solutions were

e;:hc_}fspectroscopy that is useful for comparing the dynamics centrifuged at 3000 relative centrifugal force for 15 min through
of different proteins. i . a 0.45 um acetate filter (Pall Nanosep MF) to remove
In the current work, spectrally resolved infrared stimulated particulates. The samples were further concentrated by repeated
(three-pulse) vibrational echo spectrosctpyas used to directly  centrifugation (Eppendorf 5415D) over modified polyethersul-
measure the active site structural dynamics of two mutated formsfone membranes (Pall Nanosep 3K Omega) to a final protein
of Ht-cyt Gss21"?2%0In both mutants, the heme axial ligand,  concentration of 1615 mM. The sample was then placed in a
Met61, was replaced by an alanine (M61A), which allowed a sample cell with CaFwindows and a 5im Teflon spacer.
strong IR probe (CO) to be strategically bound to the ferrous yy —visible (Varian Cary 3E) and Fourier transform infrared
heme in place of Met61 to report on the active site dynamics (FT|R; ATI Mattson Infinity 9495) absorption spectroscopies
of both proteins. The first mutant studietittM61A) was  \yere performed to determine all protein concentrations. The
characterized by only the single M61A mutation and retained samples had mid-IR absorbances of 0.1 at the CO stretching
an axial G|ﬂ64, which was expected to be oriented out of the frequency on a baCkground absorbance of 0.5.
heme pocket (Figure 1b) as it is in the native protéif.22The C. NMR Spectroscopy.Samples of carbonmonotyt-M61A
second mutant{t-M61A/Q64N) was further modified to have  gpq Ht-M61A/Q64N for NMR (3-4 mM protein in 50 mM
GIn64 replaced by an Asn in an effort to generate an active site gogium phosphate, 10%,D, pH 4) were prepared by flushing
structure similar to that seen in most cytsg!®23 with Asn64 samples with CO, followed by introducing-a20-fold molar
positioned to interact with the heme-bound CO (Figure 1a).  excess of NgS,0,. 'H NMR data were collected on a Varian
The vibrational echo data revealed that the ultrafast active INOVA 500-MHz spectrometer at 298 K. Two-dimensional
site dynamics £1 ps) sensed by the heme-bound CCHR nuclear Overhauser effect (NOE) spectra were collected with
M61A/Q64N are noticeably faster than those fét-M61A, 4096 points in the F2 dimension, 512 increments in the F1
while the rates of slower processes (tens of picoseconds timedimension, and a 12 000-Hz spectral width. The mixing time
scale) are very similar for the two variants. Multidimensional was 100 ms, and the recycle time was 1.3 s. Solvent suppression
NMR determined that the geometry of residue 64 in the two was achieved by presaturation.
mutants produced conformations consistent with a non-hydrogen- NMR data processing and analysis were performed using
bonding and hydrogen-bonding interaction between residue 64FELIX 97 (Accelrys). Assignments of selectéld resonances
and the CO ligand foHt-M61A andHt-M61A/Q64N, respec- of Ht-M61A and Ht-M61A/Q64N were made by standard
tively. GIn64 was found to localize away from the heme pocket method&® aided by comparison to publishetH resonance
in Ht-M61A, as it does in the nativeit-cyt ¢, while Asn64 is assignments for reducedlt cyt cssp 1>%0 and Ht-Q64N 22
oriented into the active site iRt-M61A/Q64N to donate a D. Stimulated Vibrational Echo Spectroscopy.The ex-
hydrogen bond as it would in typical cytg's. The faster perimental setup has been previously described in dRétail.
dynamics measured iRt-M61A/Q64N are attributed to the  Briefly, tunable mid-IR pulses with a center frequency adjusted
interaction of the hydrogen-bond-donating Asn64 with the heme- to match the center frequency of the protein sample of interest
bound CO. The dynamical changes observed in this engineered1965-1976 cnt') were generated by an optical parametric
ligand-binding heme protein are analogous to those reportedamplifier pumped with a regeneratively amplified Ti:sapphire
previously for the natural ligand-binding heme protein MbCO. laser. The bandwidth and pulse duration used in these experi-
A variant of MbCO in which the hydrogen-bond-donating distal ments were 150 cmt and 100 fs, respectively. The mid-IR pulse
histidine (coincidentally located at position 64) is replaced with was split into three temporally controlled pulses/Q0 nJ/pulse).
a valine (H64V) displays slower vibrational dephasing than the The delay between the first two pulseswas scanned at each
native proteirP! These examples suggest a general trend toward time T,,, the delay between pulses two and three. The three
rapid active site dynamics, as sensed by the CO ligand beams were crossed and focused at the sample. The spot size
vibrational dephasing, in the presence of a hydrogen bond donor,at the sample was-150 um. The vibrational echo pulse

A. Protein Expression and Purification. Preparation of

-M61A andHt-M61A/Q64N utilized arE. coli-based expres-

sion systent?52 Molecular biology procedures and materials
and the preparation ofHt-M61A are described in detalil

elsewheré?>3 To prepareHt-M61A/Q64N, the polymerase

chain reaction overlap extension metkbaras employed using

the pSHC552A61 expression plasfifidas the template.

The mutagenic primers (mutation site italicized) were 5
CCCGCGCCTCCRATAATGTAACC-3' and 3-CGGTTA-
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generated in the phase-matched direction was dispersed through — oF - ~ 1
a 0.5 m monochromator (1.2 crhspectral resolution) and =)
detected with either a liquid-nitrogen-cooled HgCdTe array E 08l
detector (Infrared Associates/Infrared Systems Development) E I
or a liquid-nitrogen-cooled InSb single element detector (EG&G S 06}
Judson). A power dependence study was performed on all % I
samples, and the data showed no power-dependent effects. 2 04}
Data collection for all samples was performed at room temper- _§ !
ature in an enclosed, dry-air-purged environment. _,2 02}
E. FFCF Extraction from Vibrational Echo Data. To = -
extract quantitative information from the vibrational echo data, 0.0 1 - ) v
nonlinear response theory calculations were compared to the 1940 1960 1980 2000
experimental daté&4° Within conventional approximatiorfs, frequency (cm’')

both the vibrational echo and the linear-infrared absorption Figure 2. Normalized FTIR spectra of the CO stretching mode bound
spectrum are completely determined by the FFCF. The FFCF g Hi-M61A (solid line) andHt-M61A/Q64N (dashed line).

is the starting point from which the experimental observables

are calculated. A multiexponential form of the FFQXt), was fit the experimental vibrational echo data at &) values and

used in accord with previous vibrational echo analysis and simultaneously reproduce the linear absorption spectrum.
molecular dynamics simulations of heme proteihg:31t is

important to note that exponentials in the FFCF do not give IIl. Results and Discussion
rise to single- or multiple-exponential vibrational echo decay
curves but rather produce complicated nonexponential decays
The FFCF has the form

A. Linear-IR Spectroscopy. The background-subtracted
linear FTIR spectra of CO bound tét-M61A and Ht-M61A/
Q64N are shown in Figure 2. All peaks have been fit as
N Gaussian distributions to determine their full width at half-

A2 2 maxima (fwhm’s) and center frequencies (Table 1). The
CO=Ac"+ Z A exp(Ur) @ spectrum(oﬂ-|t-M6)1A (solid line) shgws a singl(e transitiznn at
1974 cnrt! with a fwhm of 14.7 cm?, while Ht-M61A/Q64N
(dashed line) exhibits a single transition at 1965 &mwith a
fwhm of 16.8 cmtl. The red shifting of the CO stretching
frequency ofHt-M61A/Q64N relative toHt-M61A is reminis-
cent of the IR spectrum of aqueous MbCO, which exhibits three
primary CO stretching peaks corresponding to three structurally
distinct conformational substaté&s?1.56.6266 The Ay band (1965
cmY) is attributed to a conformation in which the distal histidine
(His64) is positioned out of the heme pocR&/7 while the
A1 (1944 cmvt) and As (1938 cnt) bands arise from the distal
histidine being localized in the heme pocket in two distinct
orientational geometrie®8:’2In the case of MbCO, the inclusion
of a polar, hydrogen-bond-donating residue inside the heme
pocket results in a spectral shift of the CO stretch to lower
frequencies. When this example is compared to the spectra of
Ht-M61A and Ht-M61A/Q64N in Figure 2, the observed red

i=1

Here, Ay is the contribution from inhomogeneous broadening.
Inhomogeneous broadening is caused by variations in protein
structure that influence the CO frequency but evolve on time
scales that are much slower than the experimental time window.
In this study, the structural dynamics that occur on the time
scale of~100 ps will contribute to inhomogeneous broadening.
Aj is the magnitude of the contribution from a frequency-
perturbing process with correlation tinagf 7; is fast compared

to Ai~1 (Aiti < 1, A in radians/ps) for a given exponential term,
then that component of the FFCF is motionally narrowfed!

For a motionally narrowed term i€(t), A and z; cannot be
determined independenttybut a pure dephasing tim&*, can

be defined [>* = (A%r)~1), which describes the “homogeneous
line width” for that component of the FFCF. Although protein

dyna_lmlcs gen_erally occur over a continuum of time 505“65_' a spectral shift caused by replacing GIn64 with an Asn implies
multiexponentialC(t) organizes these fluctuations into experi- -+ the GIn may be located out of the active site (as does His64
mentally relevant time scales that can be compared from one;, 1he MbCO A substate) whereas the Asn is directed into the
system to another. heme pocket (MbCO Aor A; substate). According to the
The FFCF is used to calculate the linear absorption spectrumelectrostatic force modé¥;#4the motions of a charged moiety
and a series of vibrational echo decay curvesdanned Ty in the vicinity of the heme-bound CO should dramatically affect
fixed) for a range ofT, values. An FFCF with a single the vibrational dynamics of this chromophore. However, the
exponential plus a constant term was not able to simultaneouslyGaussian shape of the spectral bandstiM61A andHt-M61A/
reproduce the linear-IR spectrum and the vibrational echo decayQ64N suggests that these transitions are inhomogeneously
curves at allT,, values for either protein in this study. Two broadened, which would obscure any dynamical information
distinct FFCFs foHt-M61A and Ht-M61A/Q64N, composed contained in the linear spectra. The vibrational stimulated echo
of a biexponential plus a constant term, were adequate toexperiments described below confirm that the spectral bands
simultaneously fit the absorption spectrum and the vibrational are indeed inhomogeneously broadened, and therefore, such
echo decay curves of each protein. To maximize the efficiency experiments are necessary to uncover the underlying dynamics.
of the empirical fits,0-function laser pulses were used when B. Multidimensional IR Studies: Stimulated Vibrational
fitting the data. A comparison of these fits to those obtained by Echo SpectroscopyFigure 3 shows the vibrational echo decays
performing the full three time-ordered integrals with the finite for Ht-M61A (solid curve) andHt-M61A/Q64N (dashed curve)
experimental pulse duratiotfserified that the effects of pulse  at T,, = 0.5 ps. The decay dfit-M61A/Q64N is noticeably
duration were negligibly small given the very short pulses used faster than that oHt-M61A, indicating that the CO dephases
in the experiments. The FFCF obtained from analysis of the faster when GIn64 is replaced by Asn64. For clarity, we focus
data using response theory calculations was deemed correcbur attention here on a singlé,; however, this trend is
when it could be used to calculate vibrational echo decays thatconsistent at all values @f,. In vibrational echo experiments,
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TABLE 1: FTIR Peak Centers and Line Widths and the Best-Fit C(t) Parameters for Ht-M61A and Ht-M61A/Q64N2

FTIR
peak fwhm Ao Al T1 T* (pS) Az T2
protein (cm™) (cm™) (cm™) (cm™) (ps) (= U(A+?r) (cm™) (ps)
Ht-M61A 1974 14.7 4.49 473 0.31 4.1 3.0 5.3
Ht-M61A/Q64N 1965 16.8 5.19 4.85 0.41 2.9 3.8 8.7

aThe pure dephasing time3,f) of the motionally narrowed component of the FFCFs are given sitic@and r; cannot be independently
determined.
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Figure 3. Spectrally resolved vibrational echo decay§at= 0.5 ps Figure 4. Vibrational echo peak shifts as a function Bf for Ht-

for CO bound tdHt-M61A (1975 cnt?, solid line) andHt-M61A/Q64N M61A (filled squares) andHt-M61A/Q64N (filled circles).
(1965 cnt?, dashed line).

shift values foHt-M61A/Q64N (filled circles) are consistently
a faster rate of dephasing indicates that the frequency of thesmaller than those foHt-M61A (filled squares). This shows
heme-bound CO is fluctuating more rapidly. Within the that for eachTl, time delay, the CO bound tet-M61A/Q64N
electrostatic force model described above, structural fluctuationshas sampled a greater fraction of the spectral line, which is
produce motions of charged and polar residues that induce theconsistent with the faster dephasing shown at a sifigléen
largest changes in CO transition frequency. The dynamic Figure 3. The fact that the vibrational echo decay peaks have
response of these two proteins as measured by vibrational echd1ot shifted to zero byl, = 16 ps demonstrates that the full
spectroscopy confirms the implications of the linear-IR spectra range of protein dynamics affecting the CO frequency have not
discussed above. The increased fluctuations of the CO frequencyoccurred within this time frame; not all protein configurations

are consistent with the structural picture in which Asn6#tn that influence the frequency of the CO vibrational transition
M61A/Q64N is localized near the CO, whereas the GIn64 in have been accessed. In these experiments, fluctuations on times
Ht-M61A is directed out of the active site. greater than~50 ps appear as inhomogeneous broadening,

In stimulated (three-pulse) vibrational echo experiments, the Which is accounted for by th&, term in eq 1. Aside from the
dynamics that occur on time scales longer than those shownnearly constant offset between the data for these two mutants
for a single vibrational echo decay (Figure 3) can be measured(Figure 4), the peak shifts for both proteins as a functiofiof
by varying the time delay between the second and third pulses,have the same qualitative shape. The protein dynamics, as sensed
Tw. Although at eachr,, the entire decay curve is measured, by the heme-bound CO, that occur on time scales longer than
these dynamics, termed spectral diffusion, are conveniently @ few picoseconds qualitatively appear to be unaffected by
depicted by plotting the vibrational echo peak sHift¢ as a  replacing the GIn64 imt-M61A with the Asn64 inHt-M61A/
function of T,.. The vibrational echo peak shift is the difference  Q64N. This indicates that the primary influence of Asn6é4 on
between the time of peak amplitude of the decay curve and the CO dynamics occurs on the time scale of a few picoseconds
zero time. When longer time scale protein dynamics are present,0r faster.
measured in a vibrational echo experiment as frequency fluctua- To compare the structural dynamics of these two proteins
tions that result in CO dephasing, the echo decays become fastequantitatively, the FFCF for each protein was obtained by
as T, becomes longer and their peaks shift toward the origin. simultaneous fits that reproduce the linear-IR absorption
In the frequency domain (Fourier transform of the vibrational spectrum and the vibrational echo decay curves at,allalues
echo decay), the changes observed in the vibrational echo decayssing the procedure described in section II.E. The parameters
with T,, show that the dynamical line width broadens with for the best-fit FFCFs(t)) for Ht-M61A andHt-M61A/Q64N
increasingT,, due to protein dynamics that influence the CO are summarized in Table 1. As explained in section Il.E, the
frequency on thd,, time scale. A broader dynamical line width  constant term 4o) in C(t) accounts for static or quasi-static
(faster vibrational echo decay and smaller peak shift) meansfrequency distributions whose frequency fluctuations are very
that a larger portion of the total possible structural configurations slow on the time scale of the experiments. An example of the
of the protein has been sampled. For long enclighspectral quality of the fits obtained using only the five adjustable
diffusion is complete, and all chromophores have sampled the parameters in the biexponential FFCFs is shown for the
entire spectral line. In this case, the dynamic line shape is equalvibrational echo decay at, = 2 ps and the linear-IR spectrum
to the absorption line, and the vibrational echo peak shift is for Ht-M61A in Figure 5. The overlaid fits to the experimental
zero. vibrational echo decay curves at all fivg values and the linear-

The vibrational echo peak shifts fbit-M61A andHt-M61A/ IR spectra calculated for both proteins using the parameters
Q64N are shown in Figure 4 as a function Bf. The peak listed in Table 1 are available in the Supporting Information.


http://dontstartme.literatumonline.com/action/showImage?doi=10.1021/jp054959q&iName=master.img-002.png&w=181&h=145
http://dontstartme.literatumonline.com/action/showImage?doi=10.1021/jp054959q&iName=master.img-003.png&w=176&h=146

Active Site Structure and Dynamics of Cydsg J. Phys. Chem. B, Vol. 110, No. 38, 20083807

10 show that the CO frequency fluctuations that occur on longer
= time scales (tens of picoseconds) firM61A/Q64N andHt-
8 o8 M61A are characterized by very similar, but not identias,
v‘c-: and 7, values, supporting the similar shape of the vibrational
g s echo peak shift data in Figure 4. The fundamental dynamical
= difference imparted by replacing GIn64 with Asn64 is an
) 04 increase in dephasing on the hundreds of femtoseconds time
= scale, while the CO frequency fluctuations on the tens of
Eo ® picoseconds time scale are virtually unchanged.
@ C. Multidimensional NMR Studies: Nuclear Overhauser

00 Effect Spectroscopy.To determine the locations of residue 64

in H-M61A andHt-M61A/Q64N relative to the heme pocket,
we performed multidimensional NMR studies to complement
the multidimensional IR experiments described above. Analysis
of IH NMR data focused on assigniflj resonances for GIn64
in Ht-M61A and Asn64 inHt-M61A/Q64N and identifying
NOEs to these residues. Comparison of NMR data collected
on both mutants studied abougt{M61A andHt-M61A/Q64N)
to published results on nativét-cyt css2 17-°%and a variant with
the Q64N but not the M61A mutationH¢-Q64N¥? facilitated
this analysis. The residue 64 conformations sedtiayt Css,
and inHt-Q64N are readily distinguished from each other on
the basis of NOE patterns. In wild-type redudddcyt Gssy,
assignment ofH NMR resonances for GIn64 was made by
0 identification of NOEs from a GIn side chain to the Asn65 NH
. . . . . (which, in turn, shows NOEs to Val66). In addition, GIn64
o o B0 B %0 20 €-NH> protons have NOEs to side-chain protons of Met61 and
frequency (cm™) to heme 3-CH.22%0 In Ht-Q64N, Asn64 is also assigned by
Figure 5. (a) Experimental vibrational echo decay datdat= 2 ps identification of NOEs from its side chain to Asn65 NH. The
and (b) linear spectrum fdit-M61A (dashed lines) overlaid with the ~ Asn640-NH, protons have additional NOEs to the side chains

best-fit vibrational echo decay and linear spectrum calculated from of ||e48 and Met61, heme-meseH, and heme thioether-2-
nonlinear response theory (solid lines) at 1975 &m CHs.22

10

absorbance (normalized)

08

06

04

02

The linear absorption spectrum is very sensitive to the constant, F19uré 1 provides schematic representations of the heme
Ao, because its width and shape are determined by both thePOCkets of (@Ht-ME1A/Q64N and (bH-M6E1A. In H-M61A/
dynamic and the inhomogeneous contributions to the spectrum.Q84N, Asn64 is readily assigned by identification of NOES from
The shapes of the vibrational echo curves and their change initS Side chain to Asn65 NH at 9.14 ppm. In addition, NOEs are
shape withT,, are very sensitive to the other parameters. observed from one or both Asn@#NH, protons to Valé6
The FFCF ofHt-M61A/Q64N is characterized by a larger ¥-CHs, 11848 5-H, hemea-meseH, and Ala614-CHs but not
Ao thanHt-M61A, which shows that some, but not all, of the 0 heme 3-CH The pattern of NOEs for Asn64 iHt-M61A/
increase in linear line width shown in Figure 2 is due to an Q64N is similar to that seen for Asn64 kit-Q64N and inP.
increase in inhomogeneous broadening. The first exponential 2€rUgiNOSaCyt Css1,%277suggesting that Asn64t-M61A/Q64N
terms in the FFCFs for both proteins have correlation tinags (1S ©riented above the heme iron as in the typical & and
that are very fast (hundreds of femtoseconds). However, thesethus is positioned to interact with an axial CO ligand (Figure
components are very near the boundary of motional narrowing 18)- INnHt-M61A, GIn64 was also assigned by its characteristic
(At < 1)58-61 at which pointA andt cannot be determined NOEs to Asn65 and Val66. The GIn@&NH, protons display
independently? In this nearly motionally narrowed regime, it NOES to Valé6y-CHg's and to heme 3-Chj whereas NOEs to
is reasonable to believe that the relative time scale ofrthe €48 and Ala6l are not observed. This pattern is consistent
values is correct, while the precise value of eacts not well- with an orientation away from the heme iron, toward the heme
defined. To compare the relative dynamics encompassed by the3-CHs near the protein surface, as seen in the wild-thipeyt
first exponential terms in the FFCFs fbit-M61A/Q64N and  Css2 (Figure 1b). A summary of the multidimensional NMR
Ht-M61A, it is instructive to express this nearly motionally results is provided in Table 2.
narrowed component of the FFCF as a pure dephasing time In addition to NOEs, chemical shifts provide an important
(T2¥), which depends on both; andz; (see section II.LE). The indication of the position of an amino acid relative to the heme.
T,* values forHt-M61A/Q64N andHt-M61A are 2.9 and 4.1 Nuclei oriented above the center of the heme macrocycle, in
ps, respectively. That the dephasing dynamics represented byposition to interact with an axial ligand, experience a substantial
this first exponential component @(t) are over 40% faster  upfield chemical shift via the heme ring curréfThis effect
for Ht-M61A/Q64N thanHt-M61A is consistent with the faster  has been shown to produce a readily identifiable pattern of
vibrational echo decay shown in Figure 3. Likewise, the similar upfield chemical shifts for the axial Met in reduced cyt €§°
longer time scale dynamics shown for these two mutants in In both Ht-cyt css, variants in this study, the Ala6g-CHjs is
Figure 4 is reflected in the second exponential component of shifted upfield as expected if its position is similar to th€H,
their FFCFs. Since this component G{t) is not motionally in Met61 in the nativeHt-cyt css2 (0 ~ 1.5 ppm; Table 2). In
narrowed, both the magnituda) and the correlation timerf) the case of an Asn64 (or GIn64) side-chainJ\irbton, location
are quantitatively correct and can be used to describe both theabove the center of the heme macrocycle (i.e., in position to
vibrational echo and the linear-IR data. The extracted FFCFs interact with an axial ligand) would mean a significantly lower
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TABLE 2: 'H NMR Data on ReducedHt Cyt css, Derivatives
protein position residue atom(s) o (ppm) relevant NOEs refs
Ht cyt Gss2 61 Met p-CH,  2.59,0.61 heme 5-Ci3-meseH; G52 NH 15,50
64 GIn NH 7.29 M61e-CHs; N65 NH
64 GIn e-NH,  6.37,6.67 heme 3-CHlo-meseH; M61 3-H, e-CHs
Ht-Q64N 61 Met  p-CH, 2.78,0.81 hemg-meseH; G52 NH 22
64 Asn NH 7.00 N6SNH
64 Asn o0-NH,  3.18,7.49 heme 2-CHio-meseH; 148 y-H; M61 y-H, e-CHs; V66 v-CHs
Ht-M61A 61 Ala p-CH; 148 heme 5-CkJ} f-meseH this work
64 GIn NH not observed
64 Gln eNH,  6.04,6.19 heme 3-C#1V66 y-CHs;
Ht-M61A/Q64N 61 Ala p-CH;  1.53 hemgs-meseH, y-meseH; G52 HN; N646-H this work
64 Asn NH 7.10 N65 NH
64 Asn 0-NH, 2.76,6.85 heme-meseH; 148 5-H; A61 3-CHs; V66 -CHs

chemical shift from the expected value-06—8 ppm (“random-
coil” chemical shifts are 6.8 and 7.6 pph For example, an
upfield shift of ~3—5 ppm for one Asn64-NH, proton ¢ =
3.19 ppm) via the heme ring current is observed in redied
aeruginosacyt 6512277 The other Asn64-NH, proton, which

is oriented away from the axial ligand, has a more typical shift
of 7.49 ppme! This pattern is seen for the Asn64NH, protons

in other proteins in the cytgdfamily: Nitrosomonas europaea
Cyt G552 (3.35, 7.11 ppm§2 Pseudomonas stutzeayt css; (3.20,
7.02 ppmy° and Pseudomonas stutzefiobell cyt Gs; (3.11,
6.95 ppmy! In Ht-M61A/Q64N, the Asn64)-NH, protons have
chemical shifts (3.18, 7.49 ppm) that are consistent with an
orientation similar to that seen in the typical cysc® In
reducecdHt-cyt Gssp, in contrast, the chemical shifts for the GIn64
€-NH> protons (6.37, 6.67 ppm) ar®t consistent with a side-
chain position near the heme iron or its axial ligadfe?2350n

6 with the decays for the £and Ag substates (all decays shown
atT, = 0.5 ps).

Itis apparent in Figure 6 that the dephasing of thes@bstate
is faster than that of the Asubstaté?56:84 which in turn
dephases faster than the gubstate. The fundamental difference
between the Aand the A structures lies in the rotation of the
singly protonated imidazole ring on His64. The-NH proton
and N, of this imidazole ring are equidistant from the CO ligand
in the A, substate, whereas the-NH proton is directed toward
the CO ligand in the Asubstaté?56In the Az geometry, the
direction of the hydrogen-bond-donating group-{M# proton)
toward the heme-bound CO could provide an additional source
of dephasing and generate the faster vibrational echo decay in
Figure 6. It is important to recognize thdt-cyt s, and MbCO
are different proteins within the general category of heme
proteins, and their overall dynamic ranges are quite different

the current study, analogous chemical shift patterns are seenFigures 3 and 5). Nonetheless, the relative magnitude of the

for Asn646-NH, in Ht-M61A/Q64N (© = 2.76, 6.85 ppm) and
GIn64 e-NH; in Ht-M64A (6 = 6.04, 6.19 ppm). These NMR
data provide further support for the hypothesis that Asn64 in
Ht-M61A/Q64N is positioned to interact with the axial CO,
whereas GIn64 irHt-M61A is not.

In light of the structural characterization éft-M61A and
Ht-M61A/Q64N by NMR, the comparison of thes#-cyt css

change of the dephasing rate frotitM61A to H-M61A/Q64N

is more similar to that of the MbCO #&o the A substate than
that of Ap to As. While this is admittedly pushing the limitations
of the analogy, the similarity oHt-M61A/Q64N dynamics
(relative toHt-M61A) to the A substate could suggest that the
hydrogen-bonding amine group on Asn64 is rotated away from
the CO ligand to some degree. To unambiguously identify the

mutants to MbCO and its variants can now be elaborated. As atomic displacements responsible for the vibrational dynamics

described above, the linear-IR spectrakttM61A and Ht-
M61A/Q64N (Figure 2) appeared to correspond structurally to
the MbCO Ay and A or A; conformational substates, respec-
tively. The NMR results clearly indicate that the structural
analogy is valid:Ht-M61A and the A substate are characterized

measured in these experiments necessitates calculation of the

vibrational echo data from molecular dynamics simulations.
That the dynamical trends bft-M61A andHt-M61A/Q64N

are similar to those of the conformational substates of MbCO

is an intriguing result. In the case of MbCO, His64 has been

by residue 64 directed out of the heme pocket, while this residue jmpjicated in the physiologically crucial differentiation between

is positioned within the pocket above the heme iron in
Ht-M61A/Q64N and the Aand Ag substates. In general, these
data indicate that the inclusion of a polar hydrogen-bond-

donating residue above the heme ring has a noticeable effect

on the active site dynamics. For comparison to teyt css,

mutant dephasing dynamics shown in Figure 3, the spectrally

resolved vibrational echo decays for MbCO at the(dashed
curve) and A (solid curve) substates are presented in Figure 5.
Due to spectral overlap of all three spectroscopic lines in MbCO,

the echo data for these substates are complicated by accidental

degeneracy beats (ADB%).Fortunately, the FFCF extraction
procedure described in section II.E allows the vibrational echo

decays for each substate to be recalculated, as shown by the A

and Ag echo decays in Figure 6, without the influence of the
other states. The low intensity of the Aubstate precludes the
acquisition of data at this frequency; however, a MbCO mutant

in which H64 has been replaced by a valine (H64V) has been

CO and Q binding to the heme group of myoglobin and

1.0
0.8
0.6

0.4

signal (normalized)

0.2

0.0 <

2
7 (ps)

Figure 6. Spectrally resolved vibrational echo decay§at= 0.5 ps

. . . for CO bound to MbCO at the £1938 cnT?, solid line) and A (1944
shown to represent the CO vibrational dynamics that correspondep-1 gashed line) conformational substates. The vibrational echo decay

to this substaté! The vibrational echo decay for H64V (dotted
curve), representing thegSubstate decay, is overlaid in Figure

at T, = 0.5 ps for the H64V mutant is overlaid (1968 thhdotted
line) and represents the echo decay from thesébstate in MbCO.
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Active Site Structure and Dynamics of Cydsg

hemoglobirt”85-87 The sensitivity of the active site dynamics

for MbCO to the geometry and dynamics of residue 64 suggests

that an amino acid residue positioned to interact with heme axial
ligands also has a profound effect on the functionality of the

active site of cyt ¢’s. This hypothesis has been recently supported

by dynamical studies oHit-cyt cssp and Ht-M61A/Q64N 1722
It is plausible that the presence of GIn64 in the active site of
Ht-cyt css0 instead of the Asn64 found in most other cytsc
affords a unique physiological function that is beneficial to that

Riasheisiay1993
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