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ABSTRACT. To elucidate the influence of local motion of the polypeptide chain on the catalytic mechanism

of an enzyme, we have measuféd relaxation data foEscherichia coldihydrofolate reductase in three
different complexes, representing different stages in the catalytic cycle of the enzyme. NMR relaxation
data were analyzed by the model-free approach, corrected for rotational anisotropy, to provide insights
into the backbone dynamics. There are significant differences in the backbone dynamics in the different
complexes. Complexes in which the cofactor binding site is occluded by the Met20 loop display large
amplitude motions on the picosecond/nanosecond time scale for residues in the Met20 loop, the adjacent
BF—pG loop and for residues 6769 in the adenosine binding loop. Formation of the closed Met20 loop
conformation in the ternary complex with folate and NADResults in attenuation of the motions in the
Met20 loop and theggF—5G loop but leads to increased flexibility in the adenosine binding loop. New
fluctuations on a microsecond/millisecond time scale are observed in the closed E:folate: Namplex

in regions that form hydrogen bonds between the Met20 an@Rhe3G loops. The data provide insights

into the changes in backbone dynamics during the catalytic cycle and point to an important role of the
Met20 and5F—/G loops in controlling access to the active site. The high flexibility of these loops in the
occluded conformation is expected to promote tetrahydrofolate-assisted product release and facilitate binding
of the nicotinamide ring to form the Michaelis complex. The backbone fluctuations in the Met20 loop
become attenuated once it closes over the active site, thereby stabilizing the nicotinamide ring in a geometry
conducive to hydride transfer. Finally, the relaxation data provide evidence for long-range motional coupling
between the adenosine binding loop and distant regions of the protein.

Dynamic processes are implicit in the catalytic function example, for the enzyme dihydrofolate reductase (DHFR),
of all enzymes. Protein dynamics are implicated in events the chemical reaction occurs on the millisecond time scale,
such as binding of substrate or cofactor, product release, andvhich is sufficient time for many conformational changes
allosteric change. In addition, the catalyzed reaction itself to occur that could potentiate the reaction. The reaction rate
involves an inherently dynamic process with changes in atom measured under pre-steady-state conditions (ca. 1090 s
positions required along the reaction coordindjeAlthough exhibits a deuterium isotope effect of 3, an indication that
there is considerable evidence both from theory and from no kinetically significant reorganization of the Michaelis
experiment that many enzymes are inherently flexible, the complex is necessary in the catalytic st&p. (

fundamental question of how protein fluctuations couple to  Other motions of the protein can also contribute to the
catalytic function remains unanswered. In contrast to reac- Cata|ytic reaction. To achieve Cata|ysis, enzymes frequent|y
tions in solution, the enzymic environment is preorganized yndergo conformational changes that involve functionally
to be Complementary to the transition state Configuration of relevant surface |00ps that adopt an “Open” Configuration to
the reactants; the bound substrates in the Michaelis complexa|low access of the substrate and release of the product from
adopt conformations that closely resemble the transition statethe active site and a “closed” conformation, which protects
(the so-called near attack conformers or NA@}; It is the active site from the bulk solvent and facilitates favorable
possible that protein motions couple to the formation of interactions necessary for catalysiy. Studies by NMR4—
NACs and hence influence the probablllty of reaction. For 7), X-ray Crysta”ographyg—l()), and molecular dynamics
simulations 11) have shown that motions on physiologically
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Michaelis Complex NMR data show that in the apo enzyme the Met20 loop
% closed Eiolate:NADF] fluctuates between two conformations at a rate comparable
S with THF dissociation §), which is rate determiningl{).
Complex % % e Further NMR studies have shown that the binding of folate
occluded (Efolate: DHNADPH] attenuates the low-frequency motions of the Met20 loop but

(EolateDHNADPH] does not abrogate all loop motiors)( High-frequency
motions on the nanosecond/picosecond time scale persist in
the peptide backbone for residues-1® of the Met20 loop

as well as other regions of DHFR known to undergo ligand-

secluged dependent conformational change, including theGHoop
closed [E:folate] (5) .

DHF ~___»NADP*

There is considerable evidence from site-directed mu-
THF NADPH tagenesis implicating these flexible loops in DHFR function
(18—21). Deletion of the central residues in the Met20 loop
(achieved by replacement of residues Met26al9 by a
Product Release Complex . . . .- .
occluded [E-folate:DHNADPH] single glycine) results in a striking 500-fold decrease in the

FiGURE 1: Reaction cycle of. coli DHFR adapted from ref?7. rate of hydride transfer1@). Moreover, substitution or

dihydrofolate and NADPH; £, Michaelis complex of dihydro- ~ complex in the F-G loop (residues 121 and 122) signifi-
folate and NADPH, E:;F' product Comp|ex of tetrahydrofo|ate Cantly alter the klnetICS Of DHFR, even thOUgh these I’eSIdueS

and NADP"; Eryr, binary complex with tetrahydrofolate; -, are~19 A away from the active sitel@—21). In view of
ternary complex of tetrahydrofolate and NADPHME binary the X-ray analyses of Sawaya and Kral@)( which suggest
complex with NADPH. The conformation of the Met20 loop, that loop interactions modulate ligand binding and turnover,

deduced from X-ray crystallographid@® and NMR studies s the striking effects of FG loop mutations on the kinetics
indicated for each complex. The model complexes studied in the . ith le for | d L Ivti

present work are shown with the complexes of the reaction cycle &€ consistent with a role for loop dynamics in catalytic
that they most closely resemble. function. Extensive molecular dynamics simulations on three

] ] ] DHFR ternary complexes have shown that motions in the
are common. The importance of these motions, which have fnctionally relevant loops are sensitive to the nature of the
been termed temporal gating2) or conformational gating  jigand @2). Furthermore, correlated motions were observed
(13), in enzyme catalysis is still not known, although various i the Michaelis complex involving residues that have been
theories have been proposeti (L1, 13—16). One may  jmplicated in catalysis but are not in the active site, providing
imagine that the closing of the active site through movement frther indications that dynamics could be important for
of loops may complete the formation of a Michaelis complex  catalysis.

populated with an increased fraction of NACs.

Escherichia colDHFR, which utilizes NADPH to reduce
7,8-dihydrofolate (DHF) to form the product 5,6,7,8-tetrahy-
drofolate (THF) (Figure 1), is uniquely suited for investigat-
ing the coupling between protein dynamics and catalytic
function. The enzyme has been extensively studied: 3D
structures of a large number of substrate, cofactor, and
inhibitor complexes have been determined (see, e.glOjef
and the kinetic mechanism has been thoroughly evaluated
(17) for the wild-type enzyme and catalytically compromised
mutants. To fully comprehend the significance of loop
motions as well as other dynamical processes along the
reaction coordinate that may couple to catalysis of the
chemical step, information on the dynamics of all the
intermediate states implicated along its reaction pathway
(Figure 1) is required. X-ray structures of complexes of
DHFR bound to cofactor and substrate analoguesl@aid
references therein) show that the protein is formed from an
essentially rigid scaffold comprising an eight-strgtidheet
flanked by fouro-helices. Three distinct conformations were MATERIALS AND METHODS
observed for a surface loop formed by residue®4 (termed
the Met20 loop or loop 1), depending on the nature of the  Sample PreparatiorRecombinant wild-typ&. coli DHFR
bound ligand,; this led to the proposald] that interactions  was overexpressed and purified as described previoRaly (
of this loop with other surface loops, namely, the loop 23). DHFR purity was checked by MALDI analysis. Pure
betweens-strands F and G (FG loop, residues 116132) DHFR was exchanged into the NMR buffer (0.1 M KCI, 1
and betweers-strands G and H (6H loop, residues 142 mM EDTA, 1 mM [PH]DTT, and 50 mM potassium
150), are important for catalysis. phosphate, pH 6.8) using a NAP5 column. To prevent the
potential degradation of cofactor and substrate, the NMR
2 Unpublished data. buffer was purged extensively with argon gas prior to use.

In this paper, we compare backbottdl relaxation data
for the following three complexes of DHFR: the binary
complex with the substrate analogue folate (E:folate); the
ternary complex with folate and an inactive cofactor ana-
logue, 5,6-dihydroNADPH (E:folate:DHNADPH); and the
ternary complex with folate and NADRE:folate:NADF).
Following the arguments of Sawaya and Kral@)(and for
reasons given below, we propose that these complexes model
the product binary complex (E:THF), both a pre-Michaelis
complex (E:DHF:NADPH) and the product release complex
(E:THF:NADPH), and the Michaelis complex (E*:DHF:
NADPH), respectively (Figure 1). Our data show that the
complexes have significantly different dynamic behavior at
functionally relevant sites and, in conjunction with the
available kinetic, structural, and mutagenesis results, strongly
support a functional role for both nanosecond and mil-
lisecond/microsecond motions in the catalytic function of
DHFR.




9848 Biochemistry, Vol. 40, No. 33, 2001

The DHFR concentration was determined spectrophotometri-

cally using a molar extinction coefficient of 31 100 M

Osborne et al.

acquired using 24 (8) transients gemcrement. The initial
t; sampling delay was adjusted for zero evolution or to half

cmL. Details of sample preparation have been describedthe dwell time in order to eliminate phase errors and baseline

elsewhere for the binary folate (E:folat&) @nd the ternary
folate—DHNADPH (E:folate:DHNADPH) complexe<20).

distortions 80).
A recycle delay of 2.6 s was used betwdgeincrements

The c_oncentration of the E:folate complex in the present for the R, andR, data sets for all complexes. A recycle delay
experiments was 1.5 mM, and the folate concentration was 4 4 6 s was used for all NOE measurements. Eleven time

a 6-fold excess. The E:folate:NADRomplex was prepared
from fresh 0.1 M stock solutions of folate and NADboth
purchased from Sigma) in NMR buffer. Addition of base
was required to fully dissolve folic acid. Dissolution of
NADP* caused a decrease in pH of the NMR buffer, which
was corrected by immediate addition of NaOH to prevent
acid hydrolysis of NADP. Aliquots of the stock folate and
NADP* solutions were added to DHFR in approximately
6-fold excess. The final concentration of DHFR in the
E:folate:NADP" complex was~1.2 mM.

NMR Spectroscop®ackboneH, 5N, and'*C resonance
assignments for E:folate:DHNADPH and E:folate:NADP
were made using triple-resonance methodssignments for
the E:folate complex have been reported previoudt).(A
3D H—-"N NOESY-HSQC spectrum of the E:folate:
DHNADPH complex was recorded with a mixing time of
80 ms to determine the conformation of the Met20 loop. To
investigate the orientation of the nicotinamide ring in the
E.folate:DHNADPH complex by intermolecular NOEs, a
select filter edit NMR experimen2g) was recorded ofPN/

points were sampled for the relaxation decay at 6 2),

22, 42, 70 (%), 122, 162, 202 (%), and 333 ms (where
2x represents a duplicate measurement;»6)(4.0, 22 (),
42,58, 90 (%), 122, 162, 202, 298 () ms for the binary
data set). The samg; relaxation delay time points were
applied as described for the ternary folalPHNADPH
complex @3), i.e., 10, 50, 100, 200, 400, 700, 1000, 1500,
2000, and 3000 ms. Duplicate data sets were acquired for
T, delays of 10, 400, and 1500 ms (binary data $et
delays: 10 (%), 60 (2x), 120, 200, 300, 480 (2), 720,
1200, 1800, 2400 () ms).

For the'H—'N steady-state heteronuclear NOE measure-
ments, two spectra, acquired with or without proton pre-
saturation (corresponding to the presence and absence of the
H—-N NOE, respectively) were recorded in an interleaved
manner in order to minimize systematic differences between
the two. A total of four pairs of spectra was acquired for the
E:folate:NADP" and E:folate:DHNADPH complexes, and
five pairs were acquired for the E:folate complex.

13C-labeled DHFR in the presence of unlabeled folate and Spectral Processingpectra were processed with Felix95

DHNADPH (further details of this experiment will be given
elsewhere)!®>N T; and T, relaxation times and thg'H} —

(Molecular Simulations, Inc.) or NMRPip&1) and visual-
ized with Felix95 or NMRView 82) on a Silicon Graphics

15N NOE were measured at 306.4 K (calibrated with neat O2 workstation. All spectra within a relaxation time series
methanol or with ethylene glycol) for the ternary complexes, were processed with identical parameters. Fidemain data
using a Bruker DRX spectrometer equipped with a triple- were zero-filled once and apodized with an exponential
resonance probe and triple-axis pulsed field gradients operatwindow function or a shifted cosine-squared window func-
ing at a'H Larmor frequency of 600.13 MHz. Heteronuclear tion, depending on the extent of overlap. For the steady-
NOE andT, data were also measured at 500 MHz for the state NOE spectra, solvent suppression was achieved via
E:folate:DHNADPH complex. All relaxation data were postacquisition convolution of the timelomain data33).

acquired with the pulse sequences described by Farrow et peak heights were measured using in-house macros.
al. (26), using flip-back methods for water suppression and yncertainties in the measured peak heights forRhend
sensitivity enhancement and coherence selection via pulsedR, measurements were estimated from the duplicate data sets
field gradients. Relaxation data have been reported previouslyzs described previousl{28). Uncertainties for the steady-

for the E:folate complex at 303 KSJ; however, for  state NOE were estimated from uncertainties in the peak
comparison with the ternary complexes, the model-free jntensities. Values foR; andR, and their uncertainties were
analysis for E:folate has been repeated with a new set of getermined by nonlinear least-squares fitting of the experi-

relaxation data, acquired for the purposes of this comparisonyental data to monoexponential functions as described
using the gradient flip-back method for water suppression. yreviously @3, 34, 35).

@1 el @;Eﬁ;‘@élﬁ\%‘?ﬁ c? Oggﬁ'?ggﬂé‘;s F\;:IJ ?SS euf;? nm NMR Relaxation Data Analysihe relaxation of thé>N
Cross-correlation effects were suppressed during the C.PMGSpin is dominated by dipolar and chemical shift anisotropy
(CSA) interactions when the effects of cross-correlation are

pulse train by the application 8H 7 pulses synchronously . .
with every second ech@7). Spectrometer settings for the ;lijv%?‘\rebsysz%) Their relations to the spectral dendfa), are

data acquired for the two ternary complexes and for the
binary folate complex are noted in the following discussion )
as ternary settings (binary settings). Spectra were acquiredt/T; = (d7/4)[J(wy — wy) + 33 (wy) + 63wy + oy)] +
with 4096 (2048) complex points iaand 256 (256) complex 2 Jwy) (1)
points int;. The!H and!®N carriers were positioned on the

wat;er at 4.67 ppr;n (4.70|) e;]n;j at 118 p?m (114(1j.7),dresp:'-zc— UT, = (d2/8)[4J(O) + Jwy — wy) + 3I(wy) + 63w, +
tively. Nitrogen chemical shifts were referenced indirect

using thelH N ratio of 0,101 326 14 for TMSZ8 29~ @)+ 6@y)] + (CTO)IAN0) + )] + Ry, (2)
Spectral widths were 16 ppm (16) & and 35 ppm (41)
for °N. The R, and R, experiments were acquired with 16
(8) transients pet; increment. The NOE experiment was

NOE = 1+ (d*T)/4)(r/7\)[63(wy + wy) —
Yoy — oy 3)
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in which d = (udhyyn/872) vy 30 ¢ = wnAGl(3)Y2; uo is hydration shell was optimized by minimizing the error
the permeability of free spacé;is Planck’s constantyy functionT (I' = =5, wheren;? is the y? statistic used to
andyy are the gyromagnetic ratios &fl and®N; ryy is the estimate the goodness of fit between the experimental local
N—H bond length (set to 1.02 A)Ac is the CSA, which diffusion coefficient Diexpr) and the predicted local diffusion
was set to—170 ppm 87); andwy andwy are the Larmor  coefficient Oipred): 7 = (Diexpyy — Dipredf0i)- Di(oredy Where
frequencies ofH and N, respectivelyRe, is a parameter  ¢; is the uncertainty irDiexp Was obtained from solution
introduced to account for processes that contribu®e.t&x of the linear relation (eq 5) for values Bfs, andé obtained
is often interpreted as originating from motions on the from the hydrodynamics calculations. Valuesfyyy and
millisecond/microsecond time scales. Unfortunately, if the o; were determined froriy/T, ratios as described by Lee et
rotational diffusion of the molecule is not isotropic, then al. (38). The COPED analysis was applied to all three DHFR
changes inR; (and R;) can occur, depending on the complexes. The structural coordinates represented by Protein
orientation of the N-H bond vector with respect to the Data Bank entry 1rx7 10) were used for E:folate and
principal axis frame of the diffusion tensor. These effects E:folate:DHNADPH, and 1rx2 was used for E:folate:NADP
can lead to artifactudkex terms in model-free analysis when for the hydrodynamic calculations. A detailed description
isotropic overall tumbling is assume®3). In fact, detailed of the COPED analysis of the relaxation data for E:folate:
analyses of relaxation data from complexes involving DHFR DHNADPH has been reported elsewhe?8)(
have shown that anisotropic rotational diffusion introduces For all three complexes, spins exhibitiggf > 15 were
erroneousRe, terms for~50% of the analyzed sping3J). identified as having slow motions. The principal components
If the degree of axial asymmetry is known, the amplitudes of the diffusion tensor that were used as input for the axially
and time scales of the intramolecular motions of theHN symmetric model-free analysis were calculated using the
bond vectors can be extracted from the relaxation data usinglocal diffusion approach3g). Residues exhibiting significant
a modified model-free spectral density function: internal motions identified from the COPED analysis were
excluded from these calculations-statistical testing was
3 ATy used to evaluate the significance of the isotropic, axially
Jw)=HS Z — | Ta- ) symmetric, and anisotropic tensor models in the analysis.
T8l + 0Ty Axially Symmetric Model-Free AnalysiShe relaxation
3 Az data sets for the three complexes were fit to the axially
Z —} 4 symmetric model-free spectral density function (eq 4) using
k=T..31 + ((,[)fk')z the program Modelfree (version 4.01; http://cpmcnet.colum-
bia.edu/dept/gsas/biochem/labs/palmer/software.html) as de-
in which A; = (3/4)sirt 6, A, = 3 sir? 6 cos 0, As = (3 scribed previously. Briefly, the relaxation data were fit to
cog 0 — 1)44, and the correlation timegy( 7., and z3) five extended LipariSzabo dynamic models for initial
depend on the rotational diffusion coefficients; = (4D values ofD, Dy, and6, determined from the local diffusion
+ 2Dp) 7L, 72 = (Dy + 5Dp) L, andts = (6Dp) L. Dg = Dy« approach. The models considered were &pnly, (2) S
= D,y andD, = Dy, are the unique diffusion coefficients for and 7, (3) & and Rex (a term used to describe the
axial symmetry. The generalized order paramets}) (  contributions of microsecond/millisecond time scale motions
describes the amplitude of the internal motion and rangesto T»), (4) model 2 plusR,, and (5) the extended two-time

from O for unrestricted motion to 1 for a fixed vectoy. is scale model41).

the effective correlation time and is dependentzgnthe The best model for each spin was determined from

correlation time for internal motiongd < 7): 7¢ = Tt F-statistical testing as described by Mandel et42) (After

(tx + 7o) model selection, a final optimization was performed in which
Calculation of the Rotational Diffusion Tensokn ac- parameters describing the axially symmetric diffusion tensor

curate description of rotational diffusion is necessary for were optimized for the appropriate model for each spin.
extraction of reliable internal motional parameters from  Back-Calculated NOESY SpectBD **N-edited NOESY
model-free analyses. For axially symmetric diffusion, the spectra were simulated using the program SPIRIJ) for
tensor can be determined from the relationship of the local structural coordinates representative of the occluded, closed,

diffusion coefficient D; = 7.;~°) with the angles of the NH and open conformations of the DHFR complexes represented
bond vectors{) relative to the principal axes of the diffusion by PDB accession codes 1rx7, 1rx2, and 1ra2, respectively
tensor D, andDp) (38, 39): (10). This analysis was performed as a method to quickly

identify the conformation of the Met20 loop in the E:folate:
D,=D,,— (3cosH — 1), — Dp)/6 (5) DHNADPH complex. Accordingly, only residues expected
to exhibit NOEs to residues in the Met20 loop were included.
whereDis, = (2D + Dy)/2, andD; is the local diffusion

coefficient. For these procedures to work, however, spins RESULTS
exhibiting slow motions must be excluded from the analysis, NMR Relaxation Data and COPED AnalysRepresenta-
which is often difficult in the presence of anisotro3( tive *H—N HSQC spectra of the three DHFR complexes
40). are shown in Figure 2. Because of spectral overlap or
We applied the COPED (COmparison of Predicted and broadening, some resonances were not sufficiently resolved
Experimental Diffusion tensors) procedure to identify genu- for accurate measurement of peak intensity. Relaxation data
ine motions in the presence of tumbling anisotro@y)( could be obtained for 138, 115, and 112 of the non-proline
Hydrodynamic calculations were performed using the in- residues in the E:folate, E:folate:DHNADPH, and E:folate:
house program MASH as described previous?®)( The NADP* complexes, respectively (Figure 3).
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L] ¢ [ ] °
[
° [ . o : . * o
. 3 108 . 3 -
. o® : ‘:c 9 °l-108 . of P 108
° [ | ° “ LI
o obe 0 eg, e " * e ] L
o * :34. * . F114 o‘. o .0.’00 o [114 . b “o. % 13 .
° ° o? ) . (A 4 . * e = - . 3
[ (1] ° hd - o
° ° 0: J;.OO * ® ° . ° ..0. ’Q?‘o “0 . . .u "oa ." o 11 S
PR e L120 o e s '°" . 120 Sa 0 5 Reectst F
° %( 1IN ‘ P ., )
o ° :b A $°‘0 .?o . ¢ . .o ° .s l?. :J‘ . S 0.;.. .'-' o..'. P L123
egd 00 ° 126 AR AL T
2 . LYY T Y [126 ‘Ome o
L 4 ) e o. o . N * o . |
. ° 00 - . ® 128
° . 1w [° ot . ot .
. i ¢ ° .
[]
100 80 60 99 90 8.1 72 100 90 80 70 60
'H (ppm) 'H (ppm) 'H (ppm)

FIGURE 2: RepresentativéH—1N HSQC spectra of the three DHFR complexes: (a) E:folate, (b) E:folate:DHNADPH, and (c) E:folate:
NADP*.
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Ficure 3: 15N Relaxation data for the three DHFR complexes: (a) E:folate, (b) E:folate:DHNADPH, and (c) E:folate:NRDIR,, and
IH—15N NOE data sets were collected at 600 MHz for all complefsand NOE data sets were additionally acquired for the E:folate:
DHNADPH complex at 500 MHz (red data points).

We have shown previously that failure to account for viscosity due to the lower concentration of this sample (ca.
anisotropic tumbling results in erroneous model selection in 1.2 mM as compared to ca. 1.7 mM for the other complexes).
model-free analysis of relaxation data for complexes of However, the magnitude of the anisotropy predicted from
DHFR (23). The experimental relaxation data for the DHFR the hydrodynamics analysis is similar for the three complexes
complexes studied in the present work were therefore (Table 1).
analyzed using the COPED procedure to identify a subset |n general, there is excellent agreement between the
of residues that can be used to accurately define the diffusionpredicted and the experimental local diffusion coefficients
tensor 23). The results of the COPED analyses for the three for all three complexes (Figure 4), i.e., most of the
DHFR complexes are shown in Figure 4. To minimize the experimentaD; values lie close to the values predicted from
function, ', the C* atom bead radii were set to 3.16, 3.19, hydrodynamic modeling (represented by the straight lines).
and 3.05 A for the E:folate, E:folate:DHNADPH, and This suggests that the X-ray structures used for the diffusion
E:folate:NADP complexes, respectively. The smaller radius analyses accurately represent the solution structures and also
for E:folate:NADP' reflects its shorter rotational correlation indicates that fast motions dominate. Experimental diffusion
time, which is most likely a consequence of decreased coefficients that lie significantly below the expected theoreti-
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Table 1: Summary of Diffusion Parameters for DHFR Complexes

COPED quadric diffusiot? model-free
bead radius Tmise® Tmise® Tmiso”
complex A (ns) Duo (ns) Do Fd (ns) Dug 0 ¢
E:folate9 3.16 8.98 1.15 9.03 1.15 32 9.03 1.15 0.50 0.12
E:foIate:DHNADPth 3.19 9.05 1.15 9.01 1.18 70 9.05 1.18 1.56 4.80
E:folate:NADP 3.05 8.42 1.16 8.43 1.18 70 8.44 1.17 2.10 1.82

a Determined using the quadric diffusion program of Lee etai).(° Residues undergoing motions were excluded from these analyses if they
exhibitedr;? > 15 in the COPED analyse$Effective isotropic correlation time.Values given with respect to the isotropic and axially symmetric
diffusion tensor models: Values given with respect to the inertial tensor fraffeRDB coordinates 1rx7 (occluded) were used in these analyses.
9Values of Diexpy for 109 residues identified from COPED were fit using quadric diffusitvialues of Diexpy) for 96 residues identified from
COPED were fit using quadric diffusiohPDB coordinates 1rx2 (closed) were used in these analysedues ofDiexpy for 74 residues identified
from COPED were fit using quadric diffusion.

a5 relaxation data for all three complexes. The degree of

284@ o o anisotropy is very similar for each of the three complexes

RTYR Lo (Dyn = 1.15-1.18). The small differences observed in the
24| T 68 0.15 0.25 0.34 . ) . ) ) .

. Q/ 3 . effective isotropic correlation times (Table 1) are likely due

to differences in protein concentration, which can affect the
viscosity @3, 44).

Backbone Dynamic§.he dynamics parameters extracted
using the axially symmetric model-free spectral density
function of Lipari and Szabadlg, 46) for the three complexes
of DHFR are plotted as a function of residue number in
Figure 5. The final, optimized diffusion tensors are given in
Table 1 and show little difference between the three
complexes. The relaxation data could be adequately described
by one of the five dynamical models for the majority of
residues.

Simulation of E:Folate:DHNADPH NOESY Spectrum.
Strips taken from the experimentdiN-edited NOESY
spectrum of E:folate:DHNADPH were compared with spec-
tra simulated using the program SPIRIT (Figure 6). Simulated
spectra for the open Met20 loop conformation are in poor
agreement with experiment and are not shown. There are
19 NOE cross-peaks that differentiate the occluded confor-
mation (shown in red in Figure 6) from the closed X-ray
conformation (colored green; see figure legend for further
125 5 o5 l details). All but one of the NOE cross-peaks characteristic

(3cos"0-1)/2 of the occluded conformation are observed in the experi-
Fiure 4: Graphical representation of the COPED analyses for Mental spectrum of the E:folate:DHNADPH complex, while
the DHFR complexes: (a) E:folate, (b) E:folate:DHNADPH, and no experimental NOE cross-peaks are observed that are
(c) E:folate:NADP". Residues most likely to exhibit slow motions diagnostic of the closed conformation. Thus, the pattern of
on the nanosecond (above the solid line) and millisecond/ NOEs observed in the experimental NOESY spectrum for
microsecond time scales (below the solid line) are indicated. the E:folate:DHNADPH complex strongly suggest that the
cal values represent residues that are subject to slowMet20 loop is predominantly in the occluded conformation.
millisecond/microsecond t_|melscale motions; the.se res'du?SDISCUSSION
were excluded from the diffusion tensor calculations. Resi-
dues that exhibit locdD; values much greater than predicted Protein Conformation.Detailed interpretation of the
from the hydrodynamics analysis are those for which dynamic data reported here requires knowledge of the

nanosecond time scale motions contribute to'therelax- conformational differences between the E:folate, E:folate:
ation. Many of these residues have been identified in Figure DHNADPH, and E:folate:NADP complexes. From their
4 by their position in the amino acid sequence. analyses of the X-ray structures of numerous complexes of

Calculation of Diffusion Tensor§he degree of rotational  E. coliDHFR, Sawaya and KraufL.(Q) have identified three
diffusion anisotropy for the three complexes was determined conformations of the Met20 loop, termed open, closed, and
using the local diffusion approach of Lee et &88); Residues occluded (Figure 7). In space groups where lattice contacts
identified as undergoing slow time scale motions from involving the Met20 loop are weak, ligand-dependent con-
COPED were excluded from these calculations. The refined formational changes between the closed and the occluded
diffusion parameters for the three DHFR complexes are structures are observed that reflect the intrinsic structural
summarized in Table 1F-statistical testing (Table 1) preferences of the protein. The occluded conformation is
indicates that an axially symmetric diffusion tensor, rather observed only when the binding pocket for the nicotinamide
than an isotropic tumbling model, better describes the ring of the cofactor is empty. In this conformation, residues
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Ficure 5: Dynamics parameters for the three DHFR complexes extracted using the axially symmetric model-free analysis. \Rdues for
are reported at 600 MHz. Residues comprising the Met20 loop and-t@& |6op are highlighted.

14—16 in the Met20 loop protrude into the nicotinamide of the X-ray structuresl) would exclude the nicotinamide
binding pocket 10). In the closed conformation, the Met20 ring from the binding pocket. The chemical shift of the NH
loop packs tightly against the nicotinamigebose moiety resonance of Ala7, which hydrogen bonds to the carboxamide
of the cofactor and seals the active site. These loop transitionggroup of the cofactor in the closed E:NADPH and E:folate:
are accompanied by changes in hydrogen bonding (FigureNADP* complexes 10), confirms exclusion of the nicoti-
7b). The closed conformation of the loop is stabilized by namide ring from the binding pocket in E:folate:DHNADPH
hydrogen bonds from Gly15 and Glul7 in the Met20 loop in solution? In addition, a'*C-edited,'3C-filtered NOESY

to Aspl22 in the FG loop. These hydrogen bonds are spectrum 25) of the complex formed betweetN/*C-
broken in the occluded conformation, and new hydrogen labeled DHFR and unlabeled folate and DHNADPH shows
bonds are formed between Asn23 at the end of the Met20none of the intermolecular NOEs that would be expected if
loop and Ser148 in the €H loop (10). the nicotinamide ring was in the active site (data not shown).

The E:folate complex adopts the occluded conformation Finally, simulations of the_ NOESY spectrum of E:folate:
in all space groups in which the Met20 loop conformation DHNADPH performed using the program SPIRIT show
is not influenced by strong crystal packing interactions. In excellent agreement between the experimental spectrum and
the crystal structure of the E:folate:NADRomplex, the that calculatgd from the occluded X-ray structure but poor
Met20 loop is closed with the nicotinamide ring located in @greement with those calculated from either the open or the
the binding pocket in close proximity to the pterin ring of closed conformations (Figure 6).
the folate substrate analogue. Detailed analyses of the NMR Dynamics of the Occluded Complexes (E:Folate and
chemical shifts for several complexes of DHFR have led to E:Folate:DHNADPH).Inspection of Figure 5 shows that the
the identification of a set of marker resonances that are dynamic features of the E:folate and E:folate:DHNADPH
diagnostic of the conformation of the Met20 loop and of the complexes, both of which adopt the occluded Met20 loop
presence of the nicotinamide ring in the binding pocket. conformation, are very similar. The average values in
the particular case of the E:folate and E:folate:NADP elements of regular secondary structure are very similar for
complexes, the chemical shifts confirm that the Met20 loop both complexes, with an average over all secondary structural
is occluded and closed, respectively, in solution and show elements of 0.85. Compared to this average value, signifi-
that conformational differences are localized to the Met20, cantly decreased values 8%, together with large values for
F—G, and G-H loop regions. No X-ray structure has been the internal correlation time,, are observed in many of the
reported for the E:folate:DHNADPH complex; however, in loops, indicating increased motions on the picosecond/
the structure of the closely related NADPH:dideazatetrahy- nanosecond time scale in these regions. The location of these
drofolate complex, the Met20 loop is occluded, and the flexible loops on the structure is shown in Figure 8. Most
nicotinamide ring projects out of the pocket toward the notable is the enhanced flexibility in the Met20 loop (residues
solvent and is disordered(@). The NMR marker resonances 16—22), in the adenosine binding loop (residues-69),
indicate that the Met20 loop adopts the occluded conforma- and in the FG loop (residues 119123). Motions are also
tion in E:folate:DHNADPH in solution, which on the basis evident for residues 127133, as indicated by slightly
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Ficure 6: Comparisons of the back-calculated 3IN-edited NOESY spectra from the occluded and closed conformations of DHFR and

the experimental spectrum of the E:folate:DHNADPH complkek-1H strips taken at®N frequencies of selected residues in the Met20

loop are shown for the experimental NOESY spectrum (left column), the occluded conformation (middle column), and the closed conformation
(right column) for each residue. The simulated spectra were calculated using the program SB)RIong the coordinate files 1rx7
(occluded) and 1rx2 (closed). Cross-peaks that are characteristic of the occluded conformation are shown in red, while those that are
diagnostic of the closed conformation of the Met20 loop are indicated in green.

decrease® and smallr. values. A significantly decreased of isotropic tumbling models. (The significance of the many
F is observed for Tyr128 in E:folate:DHNADPH; however, small Re terms observed in the E:folate complex is being
no data are available for this residue in the E:folate complex examined by detailed,, measurements that will be reported
because of overlap with Arg57. Finally, Val88 displays a elsewhere.)
small & and larger. for both of the complexes: this residue In general, the trends in th& parameters and internal
functions as a hinge between the adenosine binding domaincorrelation times for E:folate derived from the new relaxation
and the major domail{). Thus, several of the critical loops data reported here are very similar to those obtained earlier
implicated in the catalytic function of DHFR display large (5). However, the new data are more precise, and the use of
amplitude motions on the picosecond/nanosecond time scalegradient flip-back methods eliminates potential artifacts
Evidence for microsecond/millisecond time scale motions arising from the use of spin-lock purge pulses for solvent
in the -G loop and at the beginning of the Met20 loop suppression in the earlier work. The trendsSfrvalues are
comes from theRe, terms (Figure 5). Large values fdx similar in the two analyses; however, in the particular case
(>5.5 sY) are observed for Ala9 in both occluded complexes of the hinge residue K38, the diminish&lvalue found in
and for Tyr128 in the E:folate:DHNADPH complex (Tyr128 the earlier study could not be reproduced. Finally, many of
is overlapped in the E:folate complex so no comparative datathe R.x terms in the original analysis are now known to be
could be obtained). Given their magnitude, that they are artifacts due to assumption of an isotropic tumbling model.
conserved in all three complexes, and that anisotropic It is of interest that the E:folate and E:folate:DHNADPH
diffusion tensors were used for the model-free analysis, we complexes have very similar backbone dynamics. In par-
can be confident that these exchange terms arise from slowticular, the picosecond/nanosecond time scale backbone
conformational fluctuations rather than inappropriate choice dynamics of both the cofactor binding site and the substrate
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G-H loop

(b)

Met20 loop

Ficure 7: (a) Overlay of thea-carbon traces for the three crystallographically observable conformatioks @dli DHFR (10). The
conformations are distinguished according to the orientations of the Met20 loop as: closed (green), open (gray), and occluded (red). The
bound folate and cofactor are represented as dot surfaces. (b) Close-up view of the Met20 loop and its interactions-wittatiteGH

loops. Coordinates representing the three conformations were taken from the Brookhaven database and are 1rx2 (closed), 1rx7 (occluded),
and 1ra2 (open). The structures were generated using the program GR&SP (

binding site are insensitive to the presence or absence ofdynamics in these complexes is the occluded conformation
bound NADPH. Thus, the principal determinant of backbone of the Met20 loop rather than the nature of the bound ligands.
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Ficure 8: Ribbon diagram of DHFR showing the location of regions in which there are enhanced motions on the picosecond/nanosecond
time scale in (a) the occluded E:folate binary complex and (b) the closed E:folate:N&d@®plex. The ribbon is color coded to indicate

S values: & > 0.8, blue; 0.71< & < 0.8, orange& < 0.70, red. The radius of the ribbon is also increased to reflect the decrege in
values. The figures were generated using the program MOLMEY) ffom the X-ray coordinate sets 1rx7 and 1ndD)

That is not to say that binding of substrate or cofactor is  Dynamics of the Closed Compléx: Folate:NADP"). The
completely without influence on backbone dynamics: ex- picosecond/nanosecond time scale backbone dynamics of the
change between two distinct conformations of the Met20 loop closed E:folate:NADP complex differ strikingly from that

(at arate of ca. 359) has been observed for the apo enzyme of the two occluded complexes in several regions (Figures
(6), and this process is clearly abrogated or moved to a faster5 and 8). TheS values in elements of regular secondary
time scale by binding of cofactor and/or substrate. structure (0.87 average) are similar to those of the other two
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Ficure 9: Surface representations of DHFR, indicating the differences in packing between the Met20 an@thaps in the occluded
(a) and closed (b) structures. The surface formed by residue@2.éh the Met20 loop is shown in pink, and that formed by residues

119-123 in the -G loop is colored red. These residues undergo large amplitude fluctuations on the picosecond/nanosecond time scale in

the occluded E:folate and E:folate:DHNADPH complexes, which are damped in the closed E:folate:aiplex. The surface of the
bound folate is colored green, and that of the NADR the E:folate:NADP complex is yellow.

complexes, showing that the backbone motions of the centralthe Met20, G, and G-H loops is transmitted to a distant

framework are unchanged. However, the large amplitude
motions observed in the occluded complexes in the Met20
loop and for residues 119123 in the FG loop are largely
attenuated in the E:folate:NADRcomplex, as indicated by
the increased® and decreased. values in these regions.
Indeed, the averag® for the entire Met20 loop (residues
9—24) increases from 0.75 to 0.87 between the E:folate:
DHNADPH and the E:folate:NADPcomplexes. Similarly,
the average¥ for the FG loop (residues 117131)
increases from 0.70 to 0.80 in the same two complexes.
These striking differences in flexibility for residues in the
Met20 and FG loops can be readily understood on the basis
of the X-ray structureslQ). In the occluded complexes, the
conformation of the Met20 loop is such that residues-14
16 penetrate the unoccupied nicotinamide binding pocket.
The entire loop from Met16Trp22 is solvent exposed with
few contacts with other regions of the protein (Figure 9).
Similarly, residues 119123 in the FG loop project from
the protein into the solvent and make no contacts with
neighboring regions. Thus, the high flexibility observed for
these loops in the occluded configuration is not surprising.
The transition to the closed conformation, however, results
in close packing interactions between the Met20 loop and
the FG loop (Figure 9). In addition, residues-180 pack
tightly against the cofactorl(Q). The close packing plus the
hydrogen bonds formed between the Met20 and th&F
loops, shown in Figure 7b, are the most probable origins of
the greatly reduced flexibility observed in the closed E:folate:
NADP* complex.

The adenosine binding loop remains highly mobile in the
E:folate:NADP" complex.S values are very similar to those
in E:folate:DHNADPH, but the backbone motions are more
complex, and the two-time scale model (model 5) is required
to fit the relaxation data for many more residues. Thus,
significant ze terms are observed only for residues—®P
in the occluded complexes, whereas largealues are found
for residues 6472 in E:folate:NADP (Figure 5), indicating

site (the adenosine binding loop, more than 18 A away) in
the form of altered backbone dynamics. We note that
motional coupling between the adenosine binding loop and
the Met20 loop has been observed in molecular dynamics
simulations of DHFR22). Furthermore, coupling of residues
63—68 to distant regions of the protein, including the
substrate binding site, has been predicted from ensemble-
based computer modeling&). Enhanced flexibility is also
evident in the hinge, near Val88. Although data cannot be
obtained for residue 88 itself, due to overlap, the sr&all

for Asp87 and largere values for both Gly86 and Asp87
reveal the presence of picosecond/nanosecond time scale
motions in the hinge region of E:folate:NADPFinally, the
order parameters reveal the retention of flexibility for Asp127
and Tyr128 in the FG loop.

While residues 6769 and 88 display unusual dynamic
parameters relative to the rest of the protein, these parameters
do not vary significantly among the three complexes studied.
This suggests that the motions of these residues change little
in the different conformational states and complexes of the
enzyme and may consequently have little bearing on
catalysis. This is supported by the fact that the Gly67Val
DHFR mutant and deletion mutants of Gly67 and Val88
exhibit unperturbed binding of both substrates and have rate
constants for hydride transfer that are similar to wild-type
DHFR (49, 50). Consequently, a number of residues within
the protein that are key for catalysis, but may not otherwise
be identified as such, may be recognized as those whose
dynamics change from complex to complex within the
reaction cycle.

Differences in microsecond/millisecond time scale motions
are also evident from significant changes in fRg terms
between the E:folate:NADPand E:folate or the E:folate:
DHNADPH complexes. In the E:folate:NADPcomplex,
Leu24 has an exchange term of 3.3 svhereas its relaxation
data can be fit by fast motional models (model 1), without
the need for exchange terms, in the two occluded complexes.

the presence of more extensive nanosecond time scaleéSimilarly, exchange contributions are required for His149

backbone motions that encompass the entire loop. It is of

in E:folate:NADP" but are not required for the occluded

great interest that a conformational change that affects onlycomplex. We also note a largefor Ser148 in the E:folate:
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NADP* complex, indicating new motions on the nanosecond binary complex and the Michaelis complex, the Met20 loop
time scale that are absent from the other species. Theseas closed and the nicotinamide ring is bound within the active
differences in dynamics appear to be related to the structuralsite pocket. The complexes formed in the latter part of the
changes that are known to accompany the occluded to closedeaction cycle following hydride transfethe E:THF:
transition. With the Met20 loop in the occluded conforma- NADP* and E:THF product complexes and the E:THF:
tion, a pair of hydrogen bonds is formed between the NADPH product release complexare all proposed to be
backbone NH and CO of Asn23 and th& énd backbone  occluded.
NH of Ser148 (Figure 7b); these hydrogen bonds are broken Following the arguments of Sawaya and Kral®)( we
in the closed configurationlQ). Thus, although the present consider the three complexes studied in the present work to
data provide no insights into the detailed mechanism, it seemsbe representative of several of the species formed in the
that breaking of these hydrogen bonds between the Met20reaction cycle. The E:folate:NADRernary complex, which
and the G-H loop permits slow time scale conformational is in the closed conformation with the nicotinamide ring of
fluctuations that influence th&N T, relaxation of Leu24 the cofactor buried deeply in the active site, is considered
and His149 and allows new nanosecond time scale motionsto be a model of the Michaelis complex. The occluded
for Ser148. E:folate complex is a good model for the binary E:THF
A large R term (7.8 s?) is required for G121 in the  product complex; direct NMR studies of the much less stable
E:folate:NADP" complex and is also associated with hy- E:THF complex confirm that it is also in the occluded
drogen bonding changes that accompany the occluded toconformatior? The occluded E:folate:DHNADPH complex
closed transition. In the closed conformation, a pair of can be regarded as a model both for the product ternary
hydrogen bonds is formed from the Glyl5 CO and Glul7 complex (E:THF:NADP) and for the product release
NH in the Met20 loop to the backbone NH and side chain complex (E:THF:NADPH). The fact that the backbone
carboxyl of Asp122 in the +G loop (L0). These hydrogen  dynamics are determined primarily by the nature of the
bonds are broken in the occluded conformation (Figure 7b). Met20 loop conformation and are largely insensitive to the
The NMR data suggest the presence of slow conformationalnature of the bound ligand gives us confidence in these
fluctuations in the closed form that affect tH&N T, assignments to particular species in the reaction pathway.
relaxation of Gly121. Finally, we consider that E:folate:DHNADPH is also a
It is notable that thé®N resonances of residues Leu24, good model for a pre-Michaelis complex formed immediately
Gly121, and His149, which display substanf) terms in after binding of the substrate dihydrofolate to the holo-
E:folate:NADP', undergo substantial chemical shift changes enzyme (E:NADPH). Such a species has been observed in
(>2 ppm) between the closed and occluded conformations. the reaction pathway of DHFR mutants in which Gly121
Thus, it is possible that the exchange contributions tolthe  has been substituted or deletel®,(21) and is associated
relaxation of these nuclei arise from transient fluctuations with a conformational rearrangement involving the nicoti-
from the closed to the occluded conformation, at least insofar namide ring of NADPH. Although this conformational
as it affects the hydrogen bonding interactions between therearrangement can be resolved kinetically for the G121
Met20 and the FG and the G-H loops. mutants, it is not observed for the wild-type enzyme where
SubstantiaRe, terms are observed for lle94, Gly95, and it must occur rapidly. Recently, we have obtained direct
Tyr100 in the E:folate:NADP complex. These residues are NMR evidence that this rearrangement does occur in wild-
in contact with the pterin ring (1le94) and nicotinamide ring type DHFR and involves insertion of the nicotinamide ring
(Gly95, Tyr100), and the exchange terms probably reflect into the binding pocket.The E:folate:DHNADPH complex
slow time scale conformational fluctuations involving the is an excellent model for this pre-Michaelis complex, since
substrate and nicotinamide ring of the bound NADP the Met20 loop adopts the occluded conformation with the
Interestingly, these exchange terms are absent for thenicotinamide ring out of the binding pocket. Such a species
E:folate:DHNADPH complex, in which the Met20 loop is would be catalytically inactive, implying that a conforma-
occluded and the nicotinamide ring is excluded from the tional change, in which the nicotinamide ring is inserted into
binding pocket. Thus, th&; relaxation data point toward the binding pocket, must precede the chemical step of hydride
conformational fluctuations in the active site on a time scale transfer in the reaction cycle. Thus, the complexes studied
comparable to that of hydride transfer (950)s(17). in the present work model four species in the DHFR kinetic
Finally, a largeRex term is observed for His45 in the cycle (Figure 1), plus an inactive pre-Michaelis complex
E:folate:NADP" complex. The backbone amide and imida- formed after the binding of substrate to the E:NADPH
zole ring of His45 form hydrogen bonds to phosphate oxygen complex.
atoms of the bound cofactot@). The large exchange terms Role of Dynamics in the Catalytic Cycle. the occluded
probably reflect microsecond/millisecond time scale fluctua- complexes formed on the product side of the reaction cycle
tions within the adenosine binding pocket or even transient (Figure 1), large amplitude fluctuations are observed in
dissociation of the adenosine moiety itself, as would occur regions of the Met20 loop and in the neighboring@ loop
in the transition from the E:THF:NADPternary product in the immediate vicinity of Gly121 (Figures 5 and 8). The
complex to the E:THF species. polypeptide backbone in these loops is thus extremely
Modeling the Catalytic CycleOn the basis of X-ray flexible on a picosecond/nanosecond time scale. Local high
structures of numerous substrate/product analogue complexefrequency fluctuations of the Met20 loop, with occasional
and cofactor complexes, Sawaya and Kraff) (have large amplitude conformational fluctuations, probably play
proposed that DHFR undergoes transitions between closedan important role in facilitating product release.
and occluded conformations during the reaction cycle. Inthe A plausible mechanism for NADPH-assisted product
early stages of the reaction cycle (Figure 1), in the NADPH release, which is rate determinind7j, involves transient
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insertion of the nicotinamide ring of NADPH into its binding  such that the occupancy of the nicotinamide site is influenced
pocket within the occluded E:THF:NADPH product release by the extent of ring puckerindlL().

complex (0). The X-ray structures show that there is overlap ~ Partial deletion of the Met20 loop does not affect the
between the binding pockets for the nicotinamide and pterin Michaelis parameters for binding of dihydrofolate or NADPH
rings and that the magnitude of the steric clash depends onnor the off rate from the E:THF:NADPcomplex (8). The

the extent of ring pucker. The reduced nicotinamide ring has rate of hydride transfer, however, is dramatically slowed from
both an increased pucker and a greater tendency to occupy50 to 1.7 s'. The inability of the mutant enzyme to seal
the binding pocket than the planar nicotinamide ring of the active site may result in a markedly reduced population
NADP*. Consequently, fluctuations of the Met20 loop that of NAC conformations or uncouple motions from distal sites
remove the occluding residues from the binding pocket would in the protein that affect the height of the energy barrier for
be expected to play a role in promoting NADPH-assisted the hydride transfer step. Indeed, mutations at G121 in the
THF release. F—G loop (19) or at S148 in the GH loop (51) act either

The high flexibility of the Met20 loop is likely to play an 10 significantly slow the hydride transfer step by factors of
equally important role in the transition to catalytically UP to 10 (F—G loop) or to modulate the ligand off rates by
competent species. In the occluded conformation adoptedénhancing the affinity for NADP and decreasing that for
by the Met20 loop in the pre-Michaelis complexesidues ~ THF (G—H loop). The coupling of the Met20,+G, and
14—16 occupy the nicotinamide binding pocket and prevent S—H 100ps is manifest in the changes observed.rand
binding of the nicotinamide rindL(). Significant movements ~ Rex terms for residues within these loop regions for the
of the Met20 loop are essential if the nicotinamide ring of Various complexes of DHFR involved in the turnover cycle.
the cofactor is to access its binding pocket in the active site, Although the Met20 loop appears to play an important
an obvious prerequisite for hydride transfer. The observed function as a flexible gate controlling access to the active

flexibility of residues 16-22 in the occluded conformation ~ Sit€, its movement cannot be rate limiting in the wild-type
is likely to play an important role in the gating action of the €NZyme because a normal kinetic isotope effect associated

Met20 loop. Large amplitude backbone fluctuations on a with the hydride transfer step is observed in the steady-state
nanosecond or faster time scale will facilitate slower Kinetics at pH values where product release is fas).(
backbone conformational transitions that result in open Moreover, a conformational change associated with gating,
Met20 loop conformations that provide access to the active °CCUMNg prior to the chemical step, cannot be detected by
site. Thus, flexibility of the Met20 loop probably plays an stopped flow methods, |nd|g:at|ng that it must occur at a rate
essential role in promoting binding of the nicotinamide ring faster than 2000°S for the wild-type protein19). However,

and formation of NACs in the Michaelis complex. for the Gl_21V mutant, gating becomes kinetically significa_nt
because its rate is only 3-fold faster than that of the hydride

Movement of the nicotinamide ring into the active site in ;.o <far step as detected by pre-steady-state kinetics.

tﬂe Micggeilis comple>;] s ejfxp;ect.ed tlg resultl in cg)sure of " NMR studies have shown that motions are often prevalent
the Met20 loop, as in the E:folate:NADRomplex (0). In at protein sites implicated in function. The importance of

the closed configuration, the Met20 loop is packed tightly motions on similar time scales to the rate of a functional

against both the cofactor and the-6 loop, and its o 0cesq is intuitive. Accordingly, a number of studies have

conformation is stabilized through formation of hydrog(_an shown the importance of millisecond/microsecond motions,
bonds between the two loops (Figure 7b). The relaxation aicylarly for signaling proteins@—54). Conformational

parameters for E:folate:NADPshow that the large amplitude ¢ ations of flexible loops are likely to be of importance
picosecond/nanosecond time scale fluctuations of the Met20¢5; the function of many enzymes. Models for enzyme

loop and the neighboring+G loop characteristic of the 45y sjs incorporating dynamics suggest that motions need
occluded conformation are now strongly attenuated, although; pa' a5 fast, or faster, than the rate of reactrig, 55).
Rex terms suggest that there are still slow time scale | js therefore interesting to see that motions on both fast
fluctuations that affect these loops. Thus, in the Michaelis 514 siow time scales, and significantly nanosecond motions
complex, the erstwhile flexible Met20 loop closes over the ¢4 the Met20 loop, are important for DHFR function. In
active site and becomes motionally restricted, & processqgition to DHFR, loop motions on both the picosecond!
somewhat akin to the locking of a gate. Both the tight hanosecond and the microsecond time scales have been
packing against the cofactor and the loss of flexibility in the jatected in HIV protease usiRBN relaxation measurements
loops undoubtedly help to retain the nicotinamide ring within (7 '56) These motions are localized to the flaps that cover
its binding pocket in the active site in a geometry that is he active site of the protease, and it has been suggested that
conducive to hydride transfer. they facilitate substrate access and product rele@seA(
Together, the crystallographic, kinetic, and NMR data flexible flap that closes over the active site in the presence
provide convincing evidence that the Met20 loop plays an of substrate has also been identified in the metgilo-
important role in DHFR catalysis, acting as a gate that lactamase fronBacteroides fragilig57). The motions of this
controls access of the nicotinamide ring of the cofactor to flap can explain the broad catalytic scope of the enzyme,
its binding pocket and that seals the active site in the i.e., its ability to hydrolyze a broad range of substrates and
Michaelis complex. The conformation of the loop, i.e., also its catalytic efficiency. FinallyyH NMR measurements
whether it is closed or it is occluded, appears to be have shown that a flexible loop that covers the active site of
determined largely by the occupancy of the nicotinamide triosephosphate isomerase fluctuates between open and
binding pocket. This in turn is dependent upon the degree closed states at a rate that is very similar to the catalytic
of steric clash between the nicotinamide and the pterin rings; turnover rate4). With increasing interest in the use of NMR
there is overlap between the binding pockets for these ringsto study protein dynamics, many more enzymes will un-
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doubtedly be added to this list, leading to a deeper under-
standing of the role of both backbone and side chain motions
in biological catalysis.
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